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ABSTRACT

The TransionosphericPropagation Code isa computer program developed at Los

Alamos National Lab to perform certaintasksrelatedto the d,:_ectionof VHF signals

followingpropagation through the ionosphere.The code iswritten in Fortran 77, runs

interactivelyand was designed to be as machine independent as possible.A menu for-
mat in which the user isprompted to supply appropriate parameters fora given task

has been adopted forthe input while the output isprimarily ]n the form of graphics.

The user has the option of selecti_ _,romfive basic tasks, namely (I) Transiono-

spheric propagation, (2) Signal filtering, (3) Signal processing, (4) DTOA study, and

(5) DTOA uncertainty study. For the first task a specified signal is convolved against

the impulse response function oi' the ionosphere to obtain the transionospheric signal.

The user is given a choice of four analytic forms for the input pulse or of supplying a

tabular form. The option of adding Gaussian-distributed white noise or spectral noise

to the input signal is also provided. The deterministic ionosphere is characterized to

first order in terms of a total electron content (TEC) along the propagation path. In

addition, a scattering model paramete_ized in terms of a frequency coherence band-

width is also available. In th_ second task, detection is simulated by convolving a

given filter response against the transionospheric signal. The user is given a choice of

a wideband filter or a narrowbar, d Caussian filter. It is also possible to input a filter

response. The third task provides for quadrature detect.ion, envelope detection, and

three different techniques for time-tagging the arrival of the transionospheric signal

at specified receivers. The latter algorithms can be used to determine a TEC and

thus take out the effects of the ionosphere to first order. Task four allows the user

to construct a table of delta times-of-arrival (DTOAs) vs. TECs tor a specified pair

of receivers. In this way, a TEC can be deter,nined by interpolation for any given

measurement of DTOA. The fifth task can be used to study the effects of noise and/or

scattering on the ability of a particular time-tagging algorithm to measure an accurate

DTOA for a given set of receivers. A detailed description of the capabilities and in-
herent limitations of TIPC is presented. Future enhancements to improve the utility

of the code and to address the issue of signal reconstruction are discussed.



I. INTRODUCTION

The purpose of this report is t,o outline t,hc capabilities and limitations of a, computer program

(TIPC) developed in t,hc Atniosl)heric' Sciences group at Los Alamos National Lab to perform cert, ain

ta,_ks related to t,ht_ d(,t,oct,ion of VHF signals following propagation through the ionosl)here. Th(, input

to tilts code is I11(}I111 driven, allowing illally opt, ions for individual t;asks. (.)IiCC t,tle input is specified the

ta.mk is exocuto(l an(l the relevant intorlna,tion is plott, ed 1)oth interactively an(t iii a disk file (t,ernled

lnctafilc, in the I,os Alamos computing environment,) t,hat is st:orcd and a,vailablc for post pl"oi'cssing,

Tln_s the relevant, out, t)ut in the prcsellt vt_l'sion c)f TIPC is prinm,rily iii t,he form of graphics. K)r (;ach

1"1llla l)aI'alllet('r t-iii, COllta, illillg the iulmt data is creatctI. This ca,n be read iii tor fllt, uw runs or printed

out for a record of TIPC runs. TIPC can also be executed in batch mode 1)y means of colmnand flies

unctor t,ho VAX VlXlS operating system. Although TIPC was originally ¢Iesigncd to operate on a VAX,

it, can ea,sily be converted to rml (m oil:or systems and more generic routines have been incorporate(l

to facilitate this process.

Many of the algorithms used in TIPC eft,hor were written specifcally to address a, particula,r aspect:

of RF propagation or are generic rout, ines extracted from the C,ommon Los Alamos Mathematical

Software (CLAMS) lil)rary ox"available through st;andard math libraries (e.g., IMSL), In acldition two

computer codes writ, ten at other inst, it,tit,ions, namely C!ItF (Wittwer, De%rise Nuclear Agency) a,nd

IRI (Rawer ct al,, 1978a and b; Bilitza, 1986: I:(awcr and Bradley, 1987) were incorporated into TIPC.

A t)ricf (liscussion of t,hcse codes along wit, h appropriate ref'crences are included iii this report. More

recently CIRF has })ecn replaced with a IllOre etficicnt algorithm that reduces the COml)uting time

significantly. The graphics package initially used iii TIPC, DISSPLA TM, has been repl_cctl by mort,,

readily available software dtweloi)cd at th(_ National Center for AtmosI)h(,'ric R.o,search (NCAR gr_q)hics).

Ali of th.e coding in TLP(: is standarcl Fortran-77. Since irs initial release, a number of upgrades in th.c

ltsor interface and in available tasks ha,rc be(Hl incorporated into the eerie by the Computer Resea, rch

anti Applications group at Los Alamos. Fm't, her l)la,lmett (mha,nc(mlelits are discussed below.

An trotline of tt,: tasks l)erfornled by TIPC is I)rcsentc_d in Section II. A brief discussion of the

I)hysical proc(:'sscs inherent to t,ransionospheric propagation of I{F signals a,ntt the al)proxima, tions

incorl)orat,,,tt into TI!P(', are i)res-ntcd in Section III. A brief statement outlining the ta,sks performed

I)y each sul)rollt, inc in TIPC is given iii Section IV, while sample cotie runs with ret)resentative output

arc l)rcscnt, c,d in Sect;ion V. A discussion of plalmCd euhalicement, s to the code is given in Sect, ion VI.

II. PROGRAM OUTLINE

'I'IPC was ch,sigllccl to l)('l't'()rtii fix'(' basic' tasks rolat('(l t.o t,ransit)llOsl)h('ric i)l'opa.gation, t,h(, (lc.'-

t('('ti()n ()t" R I: signals ft)lit)wing l:)roI)agati()u an(l signal a m_lysis c.)f'Imlsc' wavc,l'(_rms, nam('ly (1) t.ra.n-

si()n()sI)hcric t)rol)agati()n. (2) signal tilt('riug. (3) signal l)r()c('ssing, (.1) DTOA stucly, al_(t (5) DTOA

,lll('(,rtainty sillily. Task tw() utiliz(,s rh(, ()litl)_lt. of ()ii(, wliil(' task t.tirc,(, lis(,s lh(.' ()lit.pm of t)()th c)nc

;m_l tw(). ati(t tasks f'oln' alicl fix,c, ill(lol)('li(l('utly ils(, rh(:, c_llt:l)llts of tasks ()lie', two. anti thr('o. Sevt,ral

sllt)l)(_rt.ilJ,t_ ('alt'lllati(ms that allow thf, c:()(l(, t(_ Ir(_at a 1)r(_ad ra_(' ()I'l)r()l)lt'_ns ()i' int(,r(,st art, l)ertor_lt('ct

_l_(t('r (,_('li (_I"tile.s(, ta.sl<s. A <l(,Iail(,_l clc'st'ril)lit)n ()t' ('a('h is l)rc,s(,_m,cl I)c,l<)w.

'I_lt)( ' ;_ss_,,s t t_;_t all il_l)_t l i_,s are Sl)('c'ifi('cl i_ u_i('r()soc'()_(ls a_(l tl_at t]_o ('()rrc,Sl)O_(li_; frc,-

(l_('_('v i_lt'()r_aIi(_ is _4ix'('_lin NIliz. I_ a(tclitio_, the I)r()l)a_4ati_ (']('('tr(_l_agn(,ti(: fiol(t is (l(,iix_(,_l iii



units of volt.s/meter . iklHz. The OUtlmt. _t' course, follows tilt, sailw (,(mx'entiozl. Array siz(,s nrc' tixe¢l

in a set of common t)locks. Con:q)lex arrays with ¢tinl¢'llsion 10.0()1 Imint.s ar(,lls('tl i(> st.<)re int'onllaI i()ll

in the frequency domaill while real arrays ,,)t' the saint' (tiln(,nsion art, use<l for ('¢)rr,,sl)(nl(lillg <lala ill

the time domain. The rest.ricte(l size of t.hcse a i'l'ays leatls 1.o iIflwrellt lilnilat, iolls ()li ill(' l)rol)letlls tlmI

can be addressed by TIPC.. These will I)e discussed l}elow anti in lhe following s{,ct, ioil. 'I'll(., (lt'l'alllt,

time resolution At' iu taken to })e 0.()01 ps with a Nyquist t're(pmncy (ft' 500 I_IHz, Tiffs thole(, t)r(_vi(les

a fra.mework in which TIPC can a(hh"ess a t)road range ()t' l)rol)lems of interest a li(t at. iii(., same lilll('
mainta.in reasonable execution times.

A. Transionospheric Propagation

In this section of the code a convolution of a sl)ecifie(l siglml with t lic inqmlse resl)(ms(' fmit'tj(ni

of the ionosphere iu performed to el)rain the transionosl)heric sig,ml. This i:; a cc(nlll,lislle, l ])y Iakillg

the fast Follrier t.raalsfoi'ln (FFT) of the input signal, multit)lying aga.inst the tta.nsf'ct t'mwt,i(m (,t' the

ionosphere (defined in the following section), and taking the inverse tra nsf(n'm cd' I tie pro(luct I,)yi(,hl

the transiolmsl)heric signal. Thus. we have

/Er_(t) - (1/27r) E(w,)It1(_)exp(i_,t)d_ . (1)

where Etl is t.he transionosl)he,'ic signal. E(_) iu the I:_mrier t.ra.llsforlll of I.ll(, inlmt sigllal E (/), a.ll(l

H_ iu the transfer function of the ioI_osptmre. E(luati(m (1) is eva.luat_'(1 _mmerically I_y _(_a_s _t' a_
inverse FFT.

Clearly, the first, step in this process iu the Sl)eeitieation of a._l i_llml sigiml. Tl_e ('()(te l)rovith's f()r a

nmnber of opt, ional forms, i_wlu(ling (1) Delta function. Ttiis fml(:l.i(m iu cr('al.e(l i_l ttw l.i_l(' (l(nimi_l

by assigning an an_plil.ude equal t,o 1At (V/n_), where -&t iu l.]_c st)collie(1 t,i_ne si,el) for tlm l)r()l)h'_, al.

a single i)oint. The resulting FFT has a tla,l Sl)ectrunl wilh an_l)lil._uh, u_il,y (V/n_ • NIHz). In gestural

it iu t)ossilfle to specify an input pulse t,lmt consists of lmuiy (hqta t'_mct.ions Sel)arat,e(l ]}y Sl)e('ili(,(l

alllOlllltS iii I-,illle. The default c_se iu a single (lelt, a flmcl.i(m place(l al, t = .1,()()(lA/. This t'uncti(ma!

form is the simplest rel)reseI_tal,ion (_f au il_qmlsive signal t,l_at can I)e _sed t() c'l_wi(la.l,e I,}_(,ett'ecls ()t'

transionospheric prolmgatioll (hlIlF signals. It can als,)]),' IlSe(l to ('heel,: the a.('('llra,:'y ()t"the lm_vricatl

results 1)3, comt)aring against analytic t'ornls fin" the i_nl)_lse r(,sl)(n_se t'u_wlitm ()t' l.l_e i(n_osi)lmr(,. (2)

Double exponential function. This forn_ ims 1)(,(,ii adopt(,d as a sl,all(ta,r(1 for rcl)resenlilll4 l_lclear

genera.ted EMP and can 1)c writ, l,en analytically as

• ) i

E(t) ::= IF,,, ((,xi [-((t --t(,)] --(_xI,[-D(* --t,,)])
(C/D)I ('/((' D)] __ (("IX.J)! D/((' l))l (2)

where E is the electric field sl.r('.;,lgI.ll iii V/m: E,,, is rh(, Inaxin_tlln el('ctric ti('l(l ocmlrring at /,,, =

/o + I_(('/D)/(C' - D)' I > to, where t,} is l:.l_estm'ling tim(' for the t)uls('; (7!< D" a n(l 1/(D 4- C) iu l.lw

rise l,imc of the I)_flse a,ll(l 1/(7' the (lecay l.i_ne. Til(, (h:faul{. pa.ra,n_clers _ls(,(l in f'IP(' a.r(, (' -- S{) .klI[z,

D = 10(_ Mtlz. E,,, = 5()0 V/ln. an(1 t_ = 0.5 ps. (3) Super Gaussian flmction. Tl_is t'_ul(:li(n_al

form can be used to ino(lel syinn_(,t, ric t)_lses with tiat tops a.n(t fast rise a._(] (]et,ay t iI_wS. Til(, a._a.lyti('

represelltal iOll is writl.en'

E(¢) = t:,,,,,.q,[-[(¢ - ¢,,)/ex_}"] (:_)



where 7t is even allcl eflk,etively eh,fines the shape of the function. The higher values of n correspond

to flatter t_ps with f'aster rise and decay t,imes. The code also allows t'or live reflect, ions, wit.h spe(flied

_Mays amt relalivc amlflitudes, t.o be a'<hle_t t.o t.he direct signal. Tile default tm.ramet.ers for (,he direct,

1)_llst' are t.2,,, - 1 V/m, t, -_ 0.03 /_s. Ar = 0.004 /_s and ,H = 4. Two reflection COml_onents are also

mhlect, with l)ara'Ineters E,,, = 0.3 V/m, to = 0.04 its, Ar -- 0.004 /ts, t_ = ,1, and E,,, -- -().2 V/m,

to -= 0.(15/_s, ',Xr = 0,004 /_s, 7_= 4. (4) Modified Gaussian function. This form has l_een used to

represent the ESIP expected from a, CPB device. The analytic form can lw written:

E(t) =/_[,,, t sin 0/[(1 -/4 cos O) R] , (4)

/,,,, =/,, { 1 1 }with (1 + ext,[,o(/, - t,,,)/t/] - 1 + exp L,,.]["-°-t ' (5)

a,mt where 3 is the Iwam velocit, y divided by the speed of light, 0 is the pola.r angle of the observer

oit' lhc bea_Ji axis. lR is the direct distance from beam origin to observer in meters, h, is t,he initial bean_

current al exit in kA, t, is (lie curreilt 1()(_ to 90% rise tim(' in /_, t/ is the current, 90% to 10% deca,y

I ilne ill ps. t,,. is the pulse width (FWHM) in ps, and ao has a [ixed vahle of 4.4. The code also Mlows for

lip to tire retie((fells with specifie(t delays and relal ive a mtflitudes t;o be added to the direct signal. The

eh,falllt parameters for this ca,sf are Io = lt) kA, t,. = 0.01/ts, t = 0.02 ps, t,, -- 0.05 le,S, 0 -- 90 ¢tegrees,

,.4= ().999, anti Ii' = 25().()00 In. The tlefiuflt pulse (lees not include reflect, ions. (5) Specified input

pulse This option allows the user to designate a.n input tile containing an arbitrary shal)ed pulse. The

first, line of the file specifies the format in which the subsequent amplitude and t.ime infornmtion will

])e read (se(' the TIPC User's Ma'mlal for fln't.her details). The pulse is read in and interpolated onto

lhc a.l)prol)riate gri(t.

As discllsse(t in the following section, in the al)sence of bireDingent effects introduced by the

geollmgnetic tiehl an(t to tirst, or(hw, the ionosphere can be specified in terms of the total electron

t'l)lltPllt (TEe. -7- .1" tt,, d.s) a']Ollg the line of sight amt its primary effect is t.o clisperse the input signal in

t iln_,, i.e., tlm ionosl)here intro¢luces a Kequency-del)emlent (Iela.y in the arrival of different fl'equency

c(nnI_Onents. _l'hese (telays a,r(, sultici('_tly large relative t,o the durat, ion of signals of interest (ha,t,

t.h_, imlivi(t_ml t'r(,¢l_m_lcy c,_i_i)onents become r(-,solval)le in time, with the high fl'equencies arriving

til'sl. Near the ('utoff fl'equency of the ionosphere (maxinmm plasma Dequency), the time delays

rapidly a't)t)roach infinity. Tl_is sets an al)solute lower limit on the frequency that can be modeled

c(m_l:n_tationally, with a l)ract, ical lower limit twing ,qomewha,t a't)ove cutoff depending on the particular

iol_Ost)h(wic _no(lel (i.e., total electron collt.ent). Tlm llser i:; therefore asked t,o specil_v a particular

f're(t_ency rallge of i_terest.. When the time dif-t'erelwe of arrival between the upper and lower frequencies

t'xcec¢ls lhc h,ngt.l_ of' tlm initial time window, the user is asked lo sui)ply aa new value for the lower

t'req_w_cy such that the entire frequency range fits into the time window (the minimum fl'equency

allowed ])y the t.in_(, win(tow is COmlmted an(l displayed for the user). A filtering procedure is then

i_nl)h:,_(mte(t in tlm frequency (toma,in so as t,o avoi(t a,liasing in t,he time (tomain. The filtering in

the freque_tcy (lento.in is acctmllflished with a ttnwtional form that. is flat. with a'mI)litude unity over

_nosl (_t' the freq_m_(,y range a,n(l falls off exponentially at both the high- and low-frequency ends

witli tw_ s(,i)aratt, ('Xl)(me_ltial forms that are force(t to nmatch at the 50% tra,nsmission point. This

functional form. sl_own i_t Fig_l'(, 1, preserves tlm signal anq)lit_Me through _ost of the time domain

an_t _linimizes ri_ging near the ettges of the window. Clearly, there exist, s a t,radeoff between the latter

(,Irl.,,'( a_M aliasi_g. These l)roblen_s can be avoider1 by in(ro(Iu(ing much larger arrays and versions of

T1PC with di_nelisi(nis of 1()0,0()1 l_oint, s have be(m written. Unfl)rt_umtely, the cost in processing time

i,,; sig_ifica_t [l)roportional to dimensio_. Log (¢limension)].



TIPC also treats the Ifirefrinp_genct' _JI'til(, icmoSl,Jl(,re. III lhis ca,se 1t1¢' user iu ask¢,(l to st)<'('it'y t,he

!,ercent of extraordinary nlo(le i()])e lnixe(l in wit,h tlm ¢_r¢li_mry nio(h" (()%, the (h,f'aulI. ¢'¢_rresl_onds t¢_a

pure ordinary wave) in t lw trallsionost)heric signal, an(I t;o i(h'ntify tlw henlislJwre in whicli l?r,)ImZaticm

will occur,

In ad(lit, ion t,o a det('rminist,ic COmlm,ent a,ssociat, e(l with the mean vert, ical S|,l'llCi,111"c(_)[ t, hc i()ll()-

sphere and para met,erized irl I,(H'IllS Of t;]lO t,oial elect, frm cont;ent:, the imlmls¢' response t'llli(,t,i()tl in

general also includes astat, isLical component, produced 1)5, t_he large, ra1,¢tom llorizont,al (lensib, gra-

(lients oi)served in tile ionosphere and lmram('terized in t,('rms of a [r(_qllell('y colit,l't,ll(!(_ Imliclwiclt, h.

The' ,st'r is given t,he option of including t,his etfet't an(t asketl to iIll)ut, a, value for t,lw i)re(lUCl,cy c(_-

herence bandwidth of t,ho ionosphere. UI) t,o 25 re_flizations ()f the inllmlse resl)Onse timer;ion (II{F)

and corresponding trans%r function a,re generat, e(l in t,lle ret)lacem(mt algorit, lim for C IlI,F. In the (,ase

of tra nsionospheric proI)t_g_tion, a single realization is select, cd mid COlwolw,,d a,gahlst t,he (h,terniillis-

tic response flmction to obta, in the filial t,raasionost)h('ric signal. This procedllre cml I)e rel)reselited

mathemtgically 1)5, simply redefining the ionospheric t,ransf('r flmction in eqllaI, ioll (1) t;o 1)(,

ftl(a,') = HD(w)Hs(w) , (6)

where HD(_) is the det, erminist, ic part, mid Hs(w) is a siugle rea lizati(m of (,lie sca,t,l,ering Ira,rf, t),)t,li of

which are defined in the following sect, ion.

In addition t,o specil_ving the 13ropagadoll channel, tJw_ user is also given die Ol)dOn of a,dtting

Caussian-distrilmted whit, e noise to t,lm input sigmd. The anll)lit;utle of the Ilois(, is ch:,t,ermine(l fr(nn

tlle signal-to-noise rat, io (SNR) specified t)y t,hc user and the peak sigmd power, i.e.,

") "v

P,,,,= F_7,/,SN [_ , (7)

where E_, is the signal peak amplit, lltte and PN is t,he noise power (si,andard (hwiat,ion 'sqllal'e(l ()['

Gaussian (listrilmtkm). The lloise, however, is a('t, tmlly _(hie(1 t,o the sigIml iu the fl'equency donmin.

'l_'hlls, the noise spectrmn iu defined as

E=\,(a): rl+ i'r2, (S)

Q..

where rl al l(l 1"2 t-if'(, CXVO indel)endent, random varial)bs obtMiled for (rech frcqu(,ncy vahw from a

Gaussian dist, ril_lttion wit.li standard deviat, iolz square(1 ziven ])y

where 7' is tlm length of t,he time window a,ll(l A1 iu l,he sampling tinw imerval. Ex is sin_l)ly a(hh'd

t,o t,he FFT of t,he ix_put signal, I,he result; mull;ii)lied })y t,he l,rallSfl,r t'uncti(n_ of the io_Osl)lmr(, a_d an

inverse FFT performe(l [see equat, ion (1)] t,o obttdn rh(, "noisy" transi(3_lOSl)lwric signal.

TLP(' als() allows fin' "colored" _loise. In l,llis case t,hc noise a,mi)lil;u(le (a,\,) as a t'_l_l('l,i(_l_()t'

frequency iu di,lined t)y the us(,r amt read fl't)_l a Sl)ecitie(l input, file. Thl, iul)_l, consist,s ()t' a lwa(h,r

indic, at ing the mmJ)er of i3oi_ts a,x_(lformal of the (lat, a followe(1 l)y a tal)_lar list of t'req_le_(,i(,s i_l iklllz.

RNIS amI)lit,_des of the noise in volt,s/reel,ct . iklHz a,n(l st,a_l(hu'(t (liwial,i()_ls ()f' t,lw _oisc, m,plit_(l('s i,

volts/_net, er . NIHz (see the TIPC l_Jsei"s Mamml fl_r furl, her infor_nat.ioll). Th(, ll()is(' is tl_en a(hh'(I I_(_

the signal i_ the same way as o_tlin('d ab¢)vc for white noise. C,h'arly, the Imrt,ic_lar _oise (lisl,ril_t toll

achh'd to dw inp_lt signal represents only ,)n¢, stat, isl,ical realizal, io_l I,]lat lllay ()r lllay ill)t, rett(,cl tlw



mean properties of the Gaussian distribution. This procedure takes on meaning only when a series of

realizations of some measured qum,ttity is obtained in order to cha,racterize that quailtity's statistical

prol:)crtics. This point will be discussed further in the section on DTOA uncertainties.

The final outlmt of this task is the t.ransionospheric signal over a time span that incorporates the

specified frequency range. In the presence of noise or scattering, the trallsionospheric signal represents

only ota' rall(lOlll statistical realization of potential outcomes. The output takes on the form of plots

and the user is given the option of displaying any or all of the tbllowing: the input pulse, input pulse
'spectrum, and the, transiono:_pheric signal.

B. Signal Filtering

Signal filtering in this comext refers to a complex measurement of both the amplitude and phase of

the t.raasionosl)heric sigiml over a specified ba.ndwidth. The filtering process is simulated by convolving

a given filter response against the transionospheric signal, yielding for the filtered transionost)heric
signal

4
'"

/El:'r1(t) = (1/27r) E(w)Hl(w)H_,(w)exp(iwt)dw , (10) "

where Ht_, (w,) is the transfer fimction of the filter. ,_.

In the present version of TIPC the user is given the option of either speci(ving the filter transfer

fmmtion, i.e., amplitude and phase (or real mid imaginary parts; see TIPC User's Manual for details

of implementation) as a flmction of frequency, or selecting from two possible filter shapes, namely a

narrowban(l Gaussian filter parameterized in terms of its fldl width at half maximum (FWHM) and

central fl'equency or a. broadband filter parameterized in terlns of the upper and lower fl'equency values
,4

at which the filter achieves 50% transmission. The. broadband filter is characterized by a rapid rise in

transmission (computed by means of two exponentials spliced together at the 50% transmission point)

followed by unit transmission over most of' the bandwidth and a rapid decay in transmission (computed

iii the same way ns the rise). Up to some maximum (presently set to four, see the TIPC User's Mamlal)

ll_lml)cr of filters ca.n i)e specified for any given mm. The default parameters for this task ai'k; a single

Gaussian filter at 150 MHz with a 2-MHz bandwidth (FWHM).

The final output of this task is the filtered transionospheric signal. A immber of plots can be

displaye¢l. The llser can choose to have the filter profiles in the frequency domain and/or the filter

r_'Sl)Onseto a. unit impulse in the time domain plotted. Similarly the filtered transionospheric signal

can als(_ be displaye¢l in either the fl'equency or the time domain or both. TIPC also gives the user

the option of plotting the power spcctrln-n of the input pulse overlaid with the peak power measured

1)y each of the rc'ceiw_rs. Tlm latter plot; is particularly usefl_l in indicating the utility of narrowband

alnl)litu(le measm'einents in estimating the power spectrum of tlm original signal.

C. Signal Processing

Two levels of signal processing are implemented in TIPC. The first offers the choice of perfbrming

_,ith_,r qlla(lratur(: detection o1"square-law detection of the signal. Quadrature detection simply reti_rs

to an algorithm that computes the ill-phase (I) and 90° out-ot'-phase (Q) components oi' the filtered

signal and _lisplays the results. Quite often this form of signal processing also requires beating the
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receive(l signa.1 aga, inst a. loca/ oscillal.or so (ha.l, l;he signal ca.li ])tl (tigil.iz(.,(t a.l.a, slower ra.W. The real.

90 ° phase shift.ed conlpollcnl. P(I)(if the flit#red transionospheric signal is giv(,ll I_3:

)_{) CX2.

t P(t) = (i/27r) [EF'rl(_')eXl_(iwt) -- E_..rl(w)eXl)(-ia.,t)]dw. (11

The tina.1 I a,ml Q components I)eat. down l_y a loca.1 oscillator of t'requellcy F/.o ar_' tlmn

I(t) = Em,1(t) cos(2rrF/.ot) - P(t) sin(2_-/_).ot) (12

_11(1

Q(t) = Er._.vi(t) siu(27r/').ot) + P(t) cos(27rI'_.ot) , (13

The co(le also compui,e:,; t-,he amI)lit, ude [= (I" + Q")l/"-/v/2 ] a.n_l the phase [= ta_ I(Q/I)] of l,he

filtere{I transiollOsi_heric signM.

D)r sqlmre-law d(_t,ect;ion tit(, ellWqOt)e of the rec(,iw,(1 signa,1 in any givml cha.lln(,1 is ol)l,ahmd I_y

SC.luaring the signal mM passing it. through a. low-pass filter whose ])ml(lwi(tl:ll is Sl)('(,itie(1 l)y l,lte user

and default.cd t.o i0 MHz. The shape of the low-pass tilt,ct is identical to that. of the In'()a(ll)a,n(l tilter
described in Section II.B. Thus

/Es'L (t) [(1/27r) IG'._(cJ)l-I,.l,(co) . , i, (1.1_ = eXl)(,l,cotjdco] /'2 ,

where E_ (#) is the Fourier U'anstbrm of the tiltered t,ransionospheric signal sqlm.red a.n_l H/.I, (co) is

the translkw function of the low-l:mSS filter,

The second level of signal processing incorporat, es three different, algorithms clesigned t;o ext, ract

the ioltospheric TEC ft'on( t,hc transionospheric signal. In general the TEC can l_e (h.'termilled ft'ohi

the chirp rate of the signal (FM technique) or by silnply nma.sln'iIlg the difference i_ the time of m'riwtl

(TOA) of the signal at a lll]llillllllll of tW() frequencies (AM t,ecihfiquc'). In the la,tter teclini¢lu(' a

_nethod for specifying an arriwtl time for t,he signal in a given chamml must; lm adol)ted. Although

many different,' nra(Ilo(Is have ])cen proposed, wc have chosen to work with _til algorithm iii wliicli

tlm one-third a_l(l two-t.hir(ls alnplitmte (rela.tive t,o the _mtxim_lm) points on the lea,(ting e(lge of t}_c

envelolx, of the filtered signa.l m'e t,inm-t.agged t,o ol>t;ain a slol)e from which a TOA is comI)_m_tl 1)y

simple ext, raI)olation t;o a zero-anlt)lit_uh, t)aseline, TIPC t)erfornis this calc_llation for ca.cii clmliliel

given the cnit,i)_lt e_lvelope COmlmte(l by t,ll(, sq_mr(!-law (le(ect, ion algorithm. In the FM l,echni(l_W

initially _teveloi)ed at. Los Alamos National Lat)l_y I{. Massey (UllImblishe(l), zero crossings of t,he

filtered transionosph{,ric signa.1 are use(t to determine the perio(l as a fimct, itm of time (chirp rate of (,he

signal) for each receiver. A corresponding TOA is obt, a,ined t}oni the intercept of a straight-line tit to

the measured i)eriod sq_mred vs. time. This TOA i'epreSellt, S the t;iinc of arrival of an infinit, e t'rcqliency

COlnl)onent, i.e., t,he (qfect, s of the ionosphere art', conlpletely removed in(lependent, of l,he filter use(l.

The third Mgorithm is designed I,o yieht a deli, a-ti_ne-of-arriva.1 (DTOA) I)(q;w(_(}llally l,WO r(,('t'iv('rs.

The out, put, of Sqllare-law detection (signM (_llV(qOl)e) for a given c lm,n_(,l (i) is c(n_volve(l aga, il_sl, l,ha,i (.)['

another channel (j) 1,o yield a cross-correlal;i(,l mnplii,l_(h, [Ci,i(r)] as a t'_mcl,io_l of l,h(' l,inie Sel)m'al,io_l

(r) Imtween channels. Th ,s, we have • ' " _

/(-'i,j(r) =, I_.qL.,(t)I[Q,¢I. j(t- "r)dt , (15)

The time of the peak cross-c_rr(,la.tion a.n_I>lit.ude is (.:o_l)_ll;(,d a._l (hqi_('d 1,o l_(' t,l_(' DT()A ti)r l,ha.l,

pair (_f r('c(qv(,rs. Tl_is l)rOc('ss is r(,1)eated for ali l)ossilfi(, lmil's.
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The final OUtlmt of t,llis (:ask ((el)en(Is on (.he l)artic, ula.r sul)t, ask selected. In the case of quadrature

filtering, four I)IOt.S cousisting of the I-conlpoueut,, Q-coral)orient, aInI:)litude, and phrase oi" the tram-

sionosph.eric signa.I as a filnction oi' time are displayed ibr each chamlel. For squa.re-law detection, the

envelope of the t,'ansionospherie signal is plotted as a function of tinie. The OUtl)ut of (,he FMTOA

sul)task cotisis(,s ()f p!ot, s ()t' per(oil square(l vs. t,inie for ali receivers, while for the leading-edge TOA, a,

plot of (,he ew_,elc)pe of t.he till,el'cd t.ransi()nOSl)heric signal is (lisl:)laye(1 for each channel. For the cross-

correlation slil)task, a plot. of the cross-correlai;iOn fmlc'tiol} vs. the time sel)aration between chamlels

is pro(luce(l for each pair of receivers.

D. DTOA Study

For tills task Iohe user is aske(l to specif_, a range of TECs over v'liich to carry out a series of TOA

lneasureineni, s. TIPC then autonuttically loops through the first three tasks, given the selected settings

for each, a.nd accumulates DTOAs for ali l)ossible pairs of chanilels. The user must of course specify

a TOA method (FMTOA or Leading-E(tge) or the cross-correlatioii algorithm i,l signal processing to

generate the DTOAs. The DTOAs obtained with rely of i,he selected met.h6(ls are plotted vs. TEC for

ali charinel t)airs. Iii (.his way the user can generate a look-uI) (al)le that yiel(ls the actual TEC for a

given DT()A liieasm'enielit, for any colul)ination oi' t,inie-tagging algorithlii mid systenl of receivers. A

r(mgh est,iimm: of the TEC can l)e el)ta(ned froni the DTOA directly, independent of the look-up (,able,
with the f(Jrlmlla

TEC 27rDTOA/(ilT,/f_ "2= -3'21f,.>) , (1.6)

wiier(_ TEC is iii uiiit, s of l(I _:_cn(-2,, DTOA is iii #s, fi mid f,., are the c(;ntra,1 frequencies of (lie tw()
(']lalill('ls iii hlHz, all(l t,ho i]'s are (Ie_iile(I its

t_,_ : 8.430 × l(i"/(l i ().8 sin (O,/f,,2) , (17)

wli(,re 0 is tile a.ngle t)(;twe(m (,li(; wave propagation (lire(%ion and t,he geolnagnetic field. Tile FMTOA

lii(.'til(:)(l rel)r(,selii.s a sI)('(:'.ial (:ase because iii i)rincii)le t,h(: effects oi" tile ionosphere are completely

l'(,'lll(JVe(l for ally in(tivi(llial c,halulel. Tile DTOA should t]lerefore t)e zero or equal to (;lie (lifl'erence in

re('(,iv('r (lelays for any l:)air ()t' (:hanliels, Deviati()ns t'rolli these vahles ai'(; an (nil(cation of the errors

illCllrr(.(t ])y the l)art, icllla.r systeln llll(lor stu(ly with i,h(: FMTOA te(:hliiqlle. The filial Oil(put of this

(.ask is lt plot of I)T()A vs. TEC for eac.h pair of thai(niels.

E. DTOA Uncertainty Study

This task allows the us(;r to study the (_If(,(:t of Gaussian white iloise or of a structured ionosphere

()ii the al)ility (,f a sI)ec, ifie(l algoritlun and syst(mi of receivers to (letermiiie the ioliospheric TEC. The

Ils('r i_,_aske(t t(, si)ecify a ('aug(, (Jt"siglial-to-nois(; ratios or t're(lu(_licy colierence t)andwidths over which

iii(' si.(lily is i.() t)(' l)('rt'()).'ll_('(1.TIPC, th(!n lool:)S i,hr()ugli tasks one. through l,llI'ee, accllnnllating DTOA.s

t'()l' ali l)airs (if r(,('(,iv(,rs and for ii i) t() 25 realizal;ions (:)f'eac]l of lip to 5 SNRs or frequ(.;ncy cohel'(HICe,

1)all(lwi(:liiis. TIl(' r()oi,-lll(,ail-Sqllar(, (l(;viati()n li'eli! l,h(' lll(}all for (,ii(' DT()As as well i_s the lileall are

(:Onil)ii(,('(l ali(l i)lot, i,e(l vs. SNR, ()r ('oil(_renc(, I)ail(lwidth. Iii tills way (.he liser is al)le t,o estiniate a

,_l)('cili(,(l s,vsi.,('lll',_; al)ility ii) (l(!Lt'l'lllill(, TEC llll(](!r ll()isy or disl.lII'l)e(l c()nditions.
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III. IONOSPHERIC MODEL

Among the effects associated with the 1)rol)aga(,ion (_)[el(,(,tr()llm_n(,tic wav('s (llr()_l_ll a I)lasllla are

dispersion, reflection, refractiou, a.1)sorl)t.iou, and scattering. We (lis(,llss ('a('h oi' tlws(' 1)I'¢)cess('sa l,l

indicate which arc treated in the TIPC, i(mosl)h('ri(' mo(M.

A. Dispersion

The dispersion of ii,li elect.rom_tgnetic pulse (EI_[P)illcidellt, oll a plasma, arises I)(,callse (,I,(, liff(,r(,llt

frequency componeuts which make ut) the teml)oral structm'e of the l)Uls(:l)r()l)a.ga.t(' a(. (lifft,r('ll Sl)('e(ls

(tefine(l l)y the in(Iex of refraction of the l)lasma.. The l)res,_mce of the ea,rth's ma/glietic Ilel(l Mst)

mt_kes the ionosphere a birefringent me(|imn, seI)ara.ting a,n int:ideut Imlse iuto two lno(les (()r(linary

and extra.ordinary, corresponding roughly to right-lmn(t and left-ha.hd l)ola.rizatioll, resl)t_(q.ively, in tl,e

northern hemisphere), e_tch I)ropagating at _ differeut speed. For the iouosl)here th(: index of r(:fra(:(.i(m

is given by the Appleton-Hartree formula (see e.g., Rishl)etll a.n(1Garriot, 1969; Da,vies, 1965), whMl in

the limit whore the electron collision frequency is small compttred to the freque.ncies of Jut.crest re(hwes

to x(l - x)
td = 1 - , (18)

(1 - X)- Y.;2/2 ± [Y.;!/4 + (1 - X)2)_] '/'2

_,h(_r(}X - O.2p/O.)","') )" -- O2fl /o.), )"_,= Y ('()st), Y}. = Y sin0, aim O is the angle 1)('tween tlle wa.v(: l)r()lmga.-

tion (tirection and the geomagnetic field. The I)lu:_ (mimls) sigll in equatioll (:18) (x)rresl)(m(ls t,(_the

ordinary (extr_tor(linary) mo(le. In the limit Y_/,l << (1- X)2y/2 ((lua.si-l()ugitu(lina.1 a.l)l)r()xi_m.ti(m),

this e(tuatioll fm'tiler silnplifies to
2

/,, = _-x/(1 + Y,.) (I!))

Assmning theft YL is small, the group velocity can be written

v q = (,[1- x/(1 ± Yr.)]'/_ (2o)

As is evi(tent from equations (18) (20), the net effect of tlisp('rsion is to in(,r()(llwe a, time (May ill

the arrival of a particular frequenC v COml)Onent of the incident l)lfls(: at the (letect()r mMl that the high

frequencies arrive first.

The transi(mospheric signal can l)e ()l)ta.ined for arl)itr_try el_,(:tr()magnetic i)l,lst:s t)y c()nv()lving

the pulse time history _tgMnst the impulse resI)()ns(: functi()n of the i()_osl)her('. Alt(,r_mtively_ (m('

can multiply th(: Fourier transform of the pulse against th(: trausfer fu_cti(_)_, o[' rh(' ion()sl)here. 'I_l_('

latter ca,_l1)e derived fr(m_ the equations given a|)ov(, for the in(|ex of r(qYa.ction. In rh(, li_nit that the

quaM-longit_Minal at)I)roximation al)plies and whe_ X << 1, (,he tra.ns|'er t'_ln(%i(m()t'(,h(, (l('(,(,r_ni_is(.i(:

ionosi)here can be written

ttmp(w) = eXl)(i27r(v/a2) , (21)

where (t = 8.430 x I(}'_TEC/(1 + Y_), TEC is rh(: total el(:ctr()u (:(mt('_(, al())_g rh(, I)r()l)a.ga(,i()_ l)ath

ill units of 1()_:_cm -:_, _'_,*is taken to t)e 0.8sin O/f, an(t J' is t,h(, t'r(_(t_l(:l_(:yiii Ml lz. (_h,arly, (,l_e('h()i(:(,

of 0.8sin O/f for }Q.*assmn(:s sonde w(qght(:(l magnetic fi(:ht st,r(_n;gi,hal_(l aa_gle I)(q.w(,(,_(,l_ct)r()l)atLati()),

r ") ".7_.'_ ,vector and the magnetic fM(l. Fll( I)arti(,_lar choi('(, (./'u ().8 Nlllz) is (.Y1)i('al()I' nfi(llat.it_(t(, l)r()l)-

agation" however, t)e(:a_se oi' th(' (l(:nsity weightil_g M(mg (,h(' 1)r()l)a.gation l)a,tl_ ii, is als() l)()ssil)l(' I()

derive a. more accurate value tha.t del:)(mds on the l_ttitu(:h.,an(l longit,M(.' ()I'rh(' s(.),u'(:('a_(l (,h(, azi_(.l_

and eleva,tion a_gles ()f the receiv(:>,r.The l_,_,(,(,ralgorit.h_)_ is n()t l)r(_s(m(,ly i_l)l('_w)_(,(,(l i_ TLP(',. '1'1,'
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allgh' 0 can tw dCq,ernlinctl from t,|le nmgnet, ic (lil) angle al. t.lt(, a lt.it,luh, of poa,k ionosl)heric density mid

the t)rolmga.tion (lirecl, ion.

B. Reflection

Retlt'ction occlu's for t.h(, t'requciwy collll)Cm(qlt.s ()t' t.llo iniq(h'nI, l)ltlsc tlmt art, ])(,low l.he peak

plasnJa t'ri,qltcm'y. For a. (lltiosc('nl i()llosphcrc, t.ll(, l-)lasllm t'roquont3' gelwrally fa.lls I)('low 9 MHz. As a

result, t'reqlwncy comp<m<'llt,S al, a.ml lwl()w this \,a.hw lwver arrive al. a l,ra.nsiollosphcric recciw_r. Those

t'roqutmcit,s jusl. al)ov¢, t,hc 1)la.slna frequency arc strongly disl)(,rscd an(l r(,t'ra.cl,o(I t)3' the i¢mospher(' a.n(I

are th(,rot'(w(, ditficult to mea.sllre a.lld interpret. Bc('a._ls(, lhc ionc)sph(,ri¢' tno_lel i_mtWl:)ora.l,e(l int, o TIPC

a.ss_unes t.lm.l, lhc EMP fre(lU('ncies of int, eresl, are much gr(,a.l,cr l,ha.n t,hc plasma, frequ(:ncy, and giv(q_

tlm li_it,(,d tithe wi_tdow us(,d I)y the code, frt,q_u,_wies l)clow a.l)l)roxi_m.t.(,ly 25 MHz are _ot well

_odel(,(l hw an io_¢)sl)here with a l)eak I)la.snm fl't'ClU(mcy of 9 M llz. TIPC accounts for reflectio_ a,lX<t

sl.fong ¢lisl)ersion h_ eft'ect. 1)y [ilt,oring (mt, frc!q_w_wies l)clow tha.t Sl)ecifi(,(l ])y tlm user. lt is, tlmrefore,

i_q)orta.nt, t;o cl_oose a lowor fro(luency limit that is a,l)l)roxi_na.tely throe tinms the t)eal( io_()spheric

plns_m, t'r¢'clUe_cy in (n'(ler t,.)ol)tain m_ acw_rat.e tra,_sionosl)heric signal.

C. Refraction

I{efract, ion is a process whcrel)y the dircctio]t of propagation of a waw' front is altered as a. result of a

clm_ge in l.lw i_¢lex of refracl, i¢m of the medium. Ilefra.ct, ion has the etfcct, of increasing t,he Ira.rh length
¢-_ p "ti'ro];_ source to recoiv¢w, t.herol)y increasing the 1 LC m_(l the corresI)oI;ding time delay. This effect,

l_ow(,vor, iu s(,(:'_._¢lor(I(!r in t,h(! lmrmnctor X (= co_,/w ) a.n([ is negligible _tt VHF frequencies, providcd

lltc l)l'()pag_tt.ion veer, or is tiot p,.tgrazing incidence on the ionosphere. Wc note that the general concept

()t' rot'ra.ctio_ is al_plica.bl¢_ 0nly in cases where geometrical oi)tics accurately describes the 1)ropagation

()[' l,h¢, (,l¢!ctrol_m.gnt_tic wav('. When scal;l.ori_lg l)rt)cosses ¢lominate, intcrti,rence t)!mnOlnem-t b(!COlne

in_porlanI, an(t ftr,, gimplc i¢leas of geo]net, rical ()l)tics In'eak down.

D. Absorption

AI)sorl)tion of t.ho im,itlento l)_lso occurs when at't:tqerated elect.mns transfer their energy to ions anti

ntqttrals I)y c()llisi(m. In the aml)ient ionosphore the collision time is large COml)are([ to t.h.,_,(l._u'ation

()f t,l_(, EMP and al)sorption is l_egligil)le. In strat, cgic environments, however, onhan(.'e(l (lensities lea(l

to higher collision ratos ;tn(l correspon(tingly higher al)s{,rption. All;hough this eft'ect is included in the

g(,n(,ral Apl)h'l,on-Hartr(*c equa.tion, ii, iu n()t, l,real,e(l in TIPC.

E. Scattering

S('att.t,ri_tg is tl_(! l)rO('('ss l,y v,,t_i(:l_t;l_(,l)r()l)agai, i(>_lIm t.l_¢)I'(titt'(,r('nt l)m't,s ()f a,n i_mi(lc_t wave fi'()_t,

'at(' r('(lir('(,t('<i i1_ ra n(l()_l _lir(,(,ti_)_ls 1_5"lh(' l)rCs(qw(' _)t' h_('a,l i_l_t)l,it)g(,_t'il,i(,s or oh_(q.ron-(hmsity l)('r-.

tlu'l)ati(_l_s. Th(' l_(,l r('s_ll is an il_|.(,rfi,r(.,_('(' ph(,n()_n('n()n in which ra.n(tom wtriati(ms in t,he aml)lit_t.,I('

a_I l)tms(' ()t' lh(' in('i(h'nt wax,(,, (,a,lh:,(l s('iilt,illati()_s, ()c('_n'. 'I'w() itl_t)orla.nt an(l (Iistin(,t (_tt'(,(:t,s;tss(:)-

('ial('(t witl_ svvm'(, scinlillal,i()ns at(' Sl)ali_d variali()ns in sig_ml sl,rcitgth, wl_i(,h al)l)('ar as (t('('l)t'a(l(,s

It) li;()x'ii_g c()]ml_;ni('at.ions r('(,('iv('rs, al_(I t(';nl)()ral (list.()rti()_ls iii r(*('('iv('(I signals ()t' I)r(m.(l ]);m(iwi(lt.l_

sysl,(,;_ls, r(_sl_llil_g t'r(.)_; a. ll_ixi;_g _)t' (liti'(,r(qll t'r('(l_aqwy ('()ll_l)()n('nl,s ()t' l.hc _lil(lisl._u'l:)o(l signal. The
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former effect, Ims 1)een st,u¢lie(l oxt:¢msively I)ot:h eXl)¢,riuwntally wit.li va.ri<)us CO111Ul_lllira,t.i()llSsy,'_i.¢,Ill,'_

(Aa,rolis, Whitney, a n_I Allcm, 1971; l.llneki, l_iu, ml(l Y(,h, 1977; k'la.rt,ill _m(l Aar(_ns, 1977; Frt'lll()llw

ct al., 1978; Basu a n(I Kelley, 1979; I]_tsu e't (d., [980; Livingst;oll, 1980; Fr('lliollv,', Livillgst, ou, a,u(l

i_liller, 198(/; I/iuo ml(t ()wen, 198(); \Vhit, lley e_t,_tl., 1981: l li!lo _'/, _t,l., l!)81a, a,_l(l ]); .lt)]llls()ll, 19,_1;

Basu ct ct/., 19S3: Kelle'y t't td., 1.985)a,II(1 t.het)r(.'l.icMly (l/()()kt, r, I:_a,t.clitt't', a.l,l Shf,tin, 1!)50; 'i';mtrskii,

1971a or t); Butldon, 1965; Sa.lI)et.cr, 1967; L()_,,(,la.c,, _/', it/,., 197(); Bm'a.l:)a,_lenkt)v t't rr/,., 1!)71 ; l:_uf(ma('ll,

1975a a,n(l t); BMm.r a,ml Agra.wal, 1976) tmtl is gcll(,ra.lly cha.racl.t'riz¢,(t in tr,fins t)t" t.llt, S.i ,sciltl.illa.l, it_t

i_dex, which is a _eas_rc ()t' the rt_ot-n_ea._l-squa.rt, dtwia.t;it)_ i_ signa.l i_t;(,_lSit,y.

Tl_c ext,(ml t)I' l(,llll)oral tlistorl.ious rt,s_lt, i_g; I'ro_ l)r()lm.ga.I it,ll 1[ll'()llgi[l a. st.rllt,l,ur('(l al.lll()Sl)[lt'rt' II]IS

be(,n st,_t(iit'tl t)ot, h t,ht,t_l'('t,i('ally aral ('Xl)('ri!,l_t'nt;ally o_lly iii Ilmr lasl ft'li 3,t'a.rs (l:_t'riia.('h. 1!)75a an<[ I):

Ku('l)I) m_(l Bog_s('h, 1!)79: Wit.t.wcr, 197!): \,Viltw(,r, l!),S(): lh)/_s('h _'! (d., I!)SI: I'_ll('l_l), I ,982) a ll(I is

gt,ucr;dly cha, l'_('t.(,riz(,(I in t.(,rn_,'_()f F,.,,_,, th(, ['r('(l!l(.,ll('y ('oh(,r(,llc(, I)m_(lwi(lt h ()f rh(, u_¢'(ti_. _l'h_' inll)a('t

tin_c-t.aggi_g ]_rc_msc (_t' r(,(lu(:tio_s iu SNI_ f'r()_n fmlill/4 au(] (lisl,()rt.i_)_L_ irl t]_c l,('u_I)()ral ,'-,i[.rll('t.llr(, ()]'

t,hc sigmtl. The magnit, utl(, of t.hcse (,ft'cct.s is rantl()_n autl ('i_/I1 ()!115' ])O cl_ar;_('tt'rizrd st.;ttist.ir,lly. As ;i

result., on(' (.'al_t)t. colnpt'nsal.(' t'¢)r Iht,l_ I_l m_sl in(,lu(h, t l_t,ln il_ a,_sossi_g a sysl.t,n_'s l)¢'rf(_r_a_('.('.

Th(.' t,t_c,(.)rot.ic'al troat_nt,nt t)t" t.h(? scatt:(_,ring of ra(lio wav(_s in tl_(.' iout)sl)t_crr l)ror('('<l,_ from I;l,'

t)aral:)olic wa.v(., equat, itm. which (.'a_ ])(' solved iu its most, general t'()nu l)y t l,e I1,'_('of l_l_lLil)lt' 1)hast'

screen (NII)S) t_cclmiques (sec e.g., Kncl)t), 1!)82). I_ t,h(.' liu_it, oi' st:rox_S,;s('at, l,cri_g co_(tit.i(ms, t l_e

asSUml)tion of a Cluadrat:ic phase st,rucl,_m' timer, ion and lhc t,hi_ l)l,ts(' scr(:,cx_ a l)pr(_xillmt, ion c()_ul)i_lc

t.o grrally silnpliS, Iii(., a.m _lysis, 5'icl(ling a,n a.na.lytic soh_tion for t,lw t.w()-l)osiI, io_, l;w()-t'r(,q_l('_wy _ull._ml

c¢)lirrc_lc(, f'mwt, ion frcmt whiclt t.lt(., imptlls(, rr'sl)OUst [:uxwt:ion (II:IF) ca.ii ]_(' (loriv(,tl. Physic_dly t,lt¢, I I/F

rt'l)rcscnts t;h(, signal tha.t woul(l ])(' _u(,asurc(l f/)llowing pri)Imgat.i¢)_ ot' a rh,li.a, f'uuctio_ (i_ l it_(') ra(ilo

t)uls(' I llr()_ah a l:t_in I)h_s(' srre(,_. Whc_ t,l_c IR F is co_volv(,(l against,/,l_(' _l('_ (lisl)('rsiv(' (,fl'(,('t:s oi' t,llc

ionosl)h(.'r¢, _(1 agai_st, a giv(,n ra(lio i)uls(', t,l_c roslflt, is _ i)a,rt,i('ular sigm_,l r(,a,liz_/,io_l t,lml is asst_('ia.t('(l

with the scl¢,cI,(_(1])Ims(' scr(,cn. ProI)_gaI, i()_ t:hro_gh al)l)r()priat,(_ly ch()s(,_ pha,.sc ,_cr(,t,ns t,l_t,u yiohls a,

st,atist:ical s(,t, of sig_ml rcMizatious from whict_ t,l_e accm'a,ci(,s ¢_f'TOA _ncas_m,_n(_t,s, t'(_rcxa_l)l(:,, c-m 1)c

(l(.,t.(,rmiu(,(I. in rh(.' limit. ()f a t,hin phase ,",('i'O(.'11 _l,ll(] il,S,_lllllillg }l,ll isotr(.)l)i(' (tist,ril,_t, ion oi: irr_)_alariti¢'s,

ii is i)ossil)l(. , t() r(_,l)l'(.,sel_t,the average st_gist, ic,M ()ut,co_nc of a s(,ri(,s of s_wh exporinwnt,s },y m('a,n,_ ()I'

t,hc l)OW(:,r iml)_flse resp()ns(, f_m(::t,iou (tel)resent, ing a,n average ()f many sl.at:is/.i('al r(.,alizal.ion:._ t_f' t,l_(,

II:_F s(l_mr(,(l), whi(,h can I)c writ t,(m (s('(' t'[n(_pt) 1!)82, I). 175)

= (,xp{ },.xp{ - }
× (I',. {(1--,_.',.,,/,t)/x/2(,., } , (22)

whcr¢, _,,,_, = 27r F,.,,_,, <_,,_- _(,/c_,_,,_,,,,_,, _,,, is tl_(' c(mtral t'r(,q_('_wy ()t' t:l_(' 1)ulm(', rr,,, is rh(' st a_(ia,r(I

d(wiat, i(m of t)has(_ t:t_t(:tm_t,i(ms as d(_iin(_(1 I)(qow, a,n(I (1,,. is t,h(, c()_pl(,_n(,_t, ary (,rr()r t'_a('i,i()_. (;_

is (:,haractcriz('(l I_y a mc,an t,im(, (lelay < Tt > = 1/_,,,_, a,n(l a wi(tth (,orrosl)()mtin_ I(_ a. t,i_(' (l<'lay

.jitt, er rry = ( 1 + 1/(,i_)/_oi'(,,,. In this _tt)l)r()ximat:ion thr st,at.isI.i(:_ll l)r()])(,rt:i('.'_ ()f lhr' ])ha.s(' scw('ns at,,

c(:)nt,aincd in rh(, I:)aram('t(.'rs (_,.,an(l _,.,,_,. Th(,s(, (t_mnt,it,ies (tCl)cn(l ou th(, _na_nit,_(l(' ()f (,h,('t r()_-_l(,_,_ity

pert _u'l)at,ions an(l tlwir a sso('iat,(:,(t s(,M(, siz(,s in a _utmn(_r (](,Iiu(,(l I)(,l()w. A sit_/41('st,at ist,i('at r(,_liz,l i(,l_

()t' rh(, scatt('r("(t sigual, ()u t.h(' ()t.llcr l_m(l, is writt:(!n

U_,(t) = (;_(l)/A/ r , (2:_)
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where _. (= (_'_ + /r,_,)/V'2)is a ¢'<nill_h,x mlml)er x,<llo_e:eal (r_) a n(l imaginary lr:.,)imrts ar_., indel)ent[ent.

Ga_issi',m rand!rill vavial)l<'_ v,,itI_ zero nwan mid unity v',u'ianco. The _cattovi_Ig t.ran_i'ev timer.ion IL..

(..,) for use iii eqlmtions (6) aii¢l (I) is obtaim,_l l)y taking t,h(' I:¢;,.n'ier tva nM'ornl of equation (23),

TI., ])ha.'_e ..<cvt't,ns nel'licit iii the al)ore anals'Ms sire _¢'llel'att'(l fl'OIll the known limgni(,lide of e]ect, ron-

(Jt'll.'_it)' i|llt, t_latit)llS all(t lht'ir ct)rrt'sl)ol,dillt_ sl)t'('trulil o[ st,all' sizt,s. Ass).lnling t]l(._ latter (tist._'itnlt.ion

tr) }.' i:,)tVt,lfi(' all(1 a l)()x','¢'l• ]w3,' ill k-sl)at'(_' (k '_ iii three tiilllOll.'-;iOliS), (9110 (,_til lh,rive three imI)ort, ant

])l',)l)agatit)II ]')aralllt'lt'l'S iii |¢'l'lllS (li' tilt _ i{_[S elect l'/)li-<l,'lisity fluctuations ta.,, ), illll0f it.lid ()IItUI' SCtLI('

h,llgtiis [L, anti ].,)). _lll(] i)l'()pagfi).th)ll (]ist.s)Ii('t,s (zt tl'a!lstllittoi" lt)I)ha,se S(,I'C(HI: ",. l'e(,eivtq" lo 1)ha._(.,

St'l't'('ll ), Ililliltqy

a_..= (2L,L_,)a"v, A,)cr,,, (2.1)

21"'2Lt)!zt + z,. )

l,, = [_,(I_()/L,)z,,,,,] (25)

SIIH]

,.8. × 1(1 ('ml: .\(, anti .f. are the ¢'e_._tralwa.veh,ngth andwlt('t'¢' v, is tlt¢' ¢'lassical ¢']t'ctl'¢)II va(tius ( .... ') '9 a:_

fv('¢l_('n(,y, l'eSl)t'('tiv('ly. ()f tlw t'l('('l I'()IIiag_I(,t tc"wave: L is lh(, thM.;i|(,ss of the I)ha.se screen: o',, rel)res('nts

tj)(, fiNIS l:]la.s(' fl_('t||_i( i()L lq,,, is the fi'('(lU('ncy ('()lwn'xw(' l)an(Iv,,i(llh: al)li I,) is (,he si)at.ial correlati()n

J('n_tll asst)_'iat(,(l ,,vit i_ st'i_tlillal.it),)s. Tlv:_t' I)aral,w(t'rs toget l)er with the ,','.tsci)it.illati¢)n in(lex (h'scril)e

t lt(, (,ll'(,cl s ()f st v()ntZ :<('at(('rillg ()lt a ra(li() i)tils( ' fW(li)agar ('¢I t llx'()i_gh a ,'<tr||ct tlre(i ionoSl)hen,.

lt is i)||l)()vtai)t 1,)),)((' li)at (]it, a])()v,., fl)r))lali,,.,_, al)i_lit,s ()_t]5' to a ita.rrov, q)an(I radio I)uls(' wit.h a,

t';t)')'it'_" t'r_'tt)lt'nt'y..ft), l iiat is ',v('ll aJ)t)\'(_, tit(' t)]a,Sllia fi'('(lUt'ncy. Ii) a,.l(l:.ti(m, it, is evi¢h,n( t'roni equat,ions

(2.1) (2(i) t l_;tt i]i(' illtl)(:)I'lalI! I)I'()])agali()ll [);iI'_ililtq('l'S (]('I)(,il(| l'/,tlll(q" ,'-'t,l'OlIgl,'v ()Ii 111(' {al'l'i('I' I'l'('C]lltHICy

(('.?.. l:;,a, ,..f(l ). lII_tkillg ii (Illite!Ill 1,:)al)l)lY tilts I_i('(h()(i of axlalysis t.()a J)roa(iJ)an(l pulse. Tlw most

_(,ii(,ral ft)viii ()l' li||lllil)h,.-i>Jia.s(,-scr(,_,_i t('('ll)ti¢lues is I)()('(,sI._ary (()tri,al the I)r_,l)leIH of l>vt)a.d]>antl-lmlSe

l)n)i)at_;tti()_i tl)v())i_])a sti')|('t)Ii'(,(J l)l;tsl)la.

Nt,v(,rl l)(,]('.'-_s.(() (';th'_lla((, ( Jt(, )(,I))l)()val (list,)vr i(_)s i_tt.v()thi(,(,(l l)y i)v()i)aga(i(m llH't,ugh a, s(ruc(,)H'(,, l

i,,)(,.'<l)Ji_'v,'. "lII)( ' iliitiallv I)la,h' _)_('()f a _'_,,h, (('II IV) ti(-,'('h)I)('(l l)y l.t,on Witt.wer ()f 1,NA (sce l)amt,

I !)ss). 'l'his c()(l(, ('_)t)il>U((,s st al i.slii'al wali>'.a( it ,)),'.,ttf lilt' II_ i: I'())' a str_wt ur,'(l it)!,)sl)ht,re " 'mra('t.erize(l

))x' i,,-,,)iV()l)i_' iv)'('g_IIari(i(,s wit]_ ;t I-I) l)_)w('v-law Sl)_'('l|'al (l(,nsily l)V()lih' with Sl)(w(ral i,_h'x {.)I'two. TIl(,

())if,," i_)l))It t,) ('II{I" is I'],,,,: a]] ()!ii(.)" i)v()i)agali()I_ i)ara_),,((,vs ave (h'l'atilt.('(l (() valI|('s (laa.t c()rr('si>on(l

(() ;_ s tt',)IIl_ s('att('ri)ig ('_i,,'irt)Itlt)_'_)t li.,'.. ,_. :.... It. ('II IF" v,,a.s c(.)nv('x't(',l t.();t stfl)r()_itin(, an(l lli()(lili('(l

,,-,li_lltlv t()v(,()_)')l t l)_" I'()ttl'i,,) t)';t)tsl'(;)')ii ()i' a si)i_h' r(,aliza(i()x) ()f tlw tftr'. Nl_n'e r(,cently, we have

i)I)I)l('_ii(')It(',l ;_ )i('w alg,)vi(l))tt t l_at ))lal,:('s _)s(' ()f ('(l_i_tti())) (23) lt,) g(,n('va(t' slatisti('al r('alizati()ns ()f' t,h(.,

i))ll)x_Ist, v(,.,-,l')tnls('fii_)('ti,.))i, l)i ()tl)"new al_¢)ritlll)|. ,,v(.igII(,x, tl)(, sl)atial efft,t:ts ()I' scalt(,ri_)g (a,ssu))li)Ig

tit(, v(,t't'ix'(,) i.,, .,.,t;_ti,)Itatv ()v(,v tj)(' Ill!i(' tj)trait(til ttf lit(, ,_>ign;tl) a)I(l v_'l)la.'.'(' lit(:, gel)('valiz(,(l I)t)w('v

>] )(),'t l'lllil .S'(],. v) ill ¢'rl_lati,))i (3-:")2) ()), I). I()3 ()f IKata'l)I) (I!)82) wit]_ (;_. 'I']I(' _)('t n'sult is v,iv('n l_._,'

('()_i_l i()_) (2?)). 'i ili.,-,)))('I}i,),l ()f ai_al\','.,is v('(l_('('s Iii(' (".))Ill)Ill iI_g (i_t,' sigltili('a|it Jy ;t))<[ I)r()(l_I(,('s r(,s_flts

,'-t;_ti,_:i(';t]l\' i(t(',jti(';t] tr) til(' ()lltl)llt _)i'('Jl'_l-'.

]{(,¢';ttL'-,('t]t(' ('(,}t('v(,_i_'('])azi(Iv,'i(l(]) is ;ts.'-',|l)I|(',.l t_.) Jt(' a t'(.)llstaIl( slcv()ss t]I(' sl)(wtrIIIii ()f the [;._3,]P.

).1)(, t);|,.-,i,))i(,si,))(.vi(' ,_i_,al _',))lil)_It('(l ii_ tj)is way ,,dI()_II(]It(, ('<)))si(lt'!'('li ()l_ly a,s in(licat.iv(' of lh(' ('II'ecls

()f _,'att,,I'ii_, ,)), ;_ J,)'(,,_,lJ)a))(l .,<i_);_l. I( is I)()ssiJ,h'. l),)w(,v(,r. (_) _<)(l(,l ii,' I)('vf<)rl)v,uw(' ()f individual
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narr,_wl)an<t receivers l)recisdy I_y ¢:'lloosing t,ll<' al)pl'opriat:' \,ahw for til,, collcr,,m'c ]mliclwi¢ltll c'¢_m'{,-

sponding to the receiver's cc,ntral frequency. For studies (liar. r('(lUil'(' lilt:lt il)h' r_'c'eiv('rs (sudl as I)'I?_.)A

studies), however, the coherence ban(lwi(ttll is i rcatc(l as a ('()llSl.allI..

_IL conlplete the analysis of pulse 1)ropaga.t.ion tllr(mgh a ,'-;|I'll('[ llr(Rt OllVil'()llIIlC'Ill.. ii, is als( II('l'('SS}ll'y

It) c'onsi(te;' the inlpac't of signal t'a(les associatc(l with anll)lilu(h' all(l l)t_a.s(, scilltill_.ti¢)lls. Tllis ('ali I_('

,,:COnlI)lislle¢l with TLP(' 1)y siniply varyill_ II!(' SNR ill a way ('()llllll(,ll.qlll';.it(, _\,itll I11¢,stalisli_'a]

alnl)litude variat_ions to })c cxpcct c(I for lh(, (t(%r('(l ,5'., scintillati()ll in(Icx.

F. Deterministic Ionosphere

Ttle vertical TEC of the ionoml)llt'rt' can vary 1)y nloret lla.ll ali or<h,r of lllagllitu_h' (l('l)('ll<lillg _.Jlli.l,

latitll(h', hmgitllch', solar activity, s(,ason, aIl(t tillw of (la,v. It is ilnl>(_rta_lt. I llc,r( i'<_r(,,'(_ ha,-, as aCCllrat<,

an esti_lmt¢, of TEC as l>ossii)lc fl)r t:lw Imrticular l)r<qmgati(m clmllncl <d"il_t(,l't,sl, TI_(, l_t,cr_mti<nlal

I_cferc, ncc Ionosl)herc, (It/I) (Iiawcr _:! ,1.. 1978a an,l b: Bilitza. l!)8(i: l'lawer a_l(l lil'a<lh'y. 1!)87) is a

('<nllI)l_t¢'r Im)/_raln t]lat g(qwrat(,s vertical 1)rotih,s of ch:,c'tro_l <lcnsily. ch,ctr()_ a_l([ i<)_l t cl_ll)er;_llu'<'s.

anti l)ositive ion COlnl)o:;ition fin' any given geogr" p}fical local ion, til_l(, (_t'{lay. ,_,a.s_)_. a_l_l solar aclivil.v.

Tilt cqectl'Ol>(tc'nsity profile is c(mll)l_t,c(t ])y intcrl)olating a series of tal)h,s (h'vel_)tn'(l t'r_)_l s)'_(_l)tic

lnt,asurements <_l)tailu'd wit.]_ i<>l_<>so_uh's,t<_t)si<l(, s<)_l_l(h,rs. al_d il,c<>l_cr<,l_,.,scal l(,r l'a(lal'S. 'F_,( ' (lal.a

I>,_se in sonw ('as(,s co,._stit:utcs more tllal_ 20 yt'ars <)t"lllO_l.,qlll'Olll(,lllSlak('l_ on ;til h()_lrly [msis.

Th<' input l)arametcrs to IRl Jnc'Iu<t,.' l]_(' g¢,()grapllical l(_('al.i()_l (latiill(l(' an<l casl h_l_gil_l,h'), l.h('

s_nlsi)oI n_llnl)cr (avaihtblc from lhc GeO_llagllelic anti S(_lar [)ala 1)_]_lislle<t ll_')lllllt._,' I)y lhc ,l(nlnml

_)[' C;c<q)hysicat i-{(,s('al'Cll), lilt, _nt)llth. tinw <)t' (lay (]_<)llr). s()lar i_(,li_lati<_l_, l<_w(,r al_<l lll)l)<,r li_l_ils

<)i' ill(' h('igl_t t)rofile, ari<! t lie pr(_tih, h(,igllt rcsollltioll. Th(' ()_lll)lll il_('l_(t(,s l)l<_ls all(l a lislil_g ()t' ll_('

i<mosI>h('l'ic co_stil ut'nt,,-; allyl cl(,clrtm _ll_(lloll I('lilI)('ratllr(,s as a t'uL,('t i<_l_(_f l_(,igtll. '1'1_, <,h,ct l'<_i_-(I('i_sil\'

profih, (';t_l thc_l I)(, int('grat('(l 1_ yi(,ld a 'I'EC f(_r iI,1)l_l t<_ '1'I['('.

G. Structured Ionosphere

Th_, (-xistcm'_, of _,l(,('tr_l-(h,ilsil v il'l't'gilll;II'il ies in ill(' i,m(_sl)lwl'(' lla.S 1,('('n kl_(_xvu for s(mlc li!lit' (St't'.

e.g.. l:(:'j('r an(l Kc,lley. l!)SII) a l_(t til(qf {,arialfililv ;l_l_t('t[t,(,l _I). l';ltli(:_c(_ll_ll,'llli('_lli(_Ils lias I_c(,n slu(li('(l

cxl('_lsiv('lv as II(.)l('(t /I})¢)V(!. G(:ql(,rally. lh(' lal'gCst tqcC'll'(m-_h'I_.sily l)('rtlu'lmti()l_s arc' t'_lwl I)()lll al ]_i_4}_

lat il_h, ai,ct at IIi(' ('(tll_-lIO '' alltt iii'(' asSo(,ial('¢l with Ill_-IgllCti(' Sll])St_)I'IIIS an<l ('ol'r('st_(lil_g _'h'(,ll't_ll

l)recil)itatiol_ iii tit(' a_lV(_l'al oval all(I wit li (,(tllal(_l'i;t] Sl)l'('a(l-V. Ill ('()llli';isl. _lli(llatit_l(l(' tIll('Illglti()llS

t(!ll_t l¢) I_,' of III(' (_l'<h'r (_t'a. t(,w i)(,r<'(,llt ,)f lll,_S(' t'_l(l iii ('(lllat¢)lial l'_'l._i()lis. Iii <)l'(l('l' l(_ Kirk' ill(' 'FI['('

l_s('l' a t't,('liIlg, for lh(' ll_agl_ill_<l(' (>t' ,% all(I I'_,,_,. w(! 1)rt'stqll a I_ri,'f (lis('_ssi,)_ <)t s<)_(' (_I lt_' av;tilat_l(,
(lala. \Vr! li(lit'. ]l()W_'\'(q'. l[la( ])('('allSt' llli(ilal illl_l(' ('i['('('is (m ra(li(_ ('()lllllllllli(';tl it)llS art' w(,ak. Ill(' (lala

avallal_h' t'()r tliis l'('gi()li arc' lll('_lg('l" ni l)('sl al,l _lr (lis('l_ssi()li is llici'('t}_r_, ]illlil(,_l I(_ iii(, w()rsl-t'as_,

c,m_titions t(nlll_l iii l)_lar all(l _'(t_ml_l'ial r(,gi,_l_s.

Ilals _1"lll('a.Slll'('(1 in sil_l. 'I'll(' lal'g('sl It_lS (h,lisitv ln,rtllrl_ati(_lS ralig(' [r,_lli 1 :{ × l() _'(1_ :_. wtiil(' lilt.

corr(,Sln_l_,iiI_g s¢'al(, sizt,s al',, gvl,,rally <'li;lracl_'liz('(l Itr a l_()w(,r-law k-Sl)_'cl l_lnl will, a ()_,--_Ii_,l_si_a_l

s]_'('lra] il_t_'x (_(]lla] I_ _2 _tll_l _)lll_,r sca]{' ]_'llgl]l,'-.; l'allgillg fl'_)lll ] 1()() I.;l_. II, 'l'a}_]_' I V,'_' I)r_'s_'l_l l.Vl_ic;_l

valu_'s for I{_IS {,h,_'lr_ll _h,nsily ln'lt_rt_a_,i_l_S ll_'a.Slll'_'_l in sil_l _l_h'r s_,w,r_, i_l,oSl_l_'l'ic _'_l_tili_,,,.

al,_l_g with t he c(_rl('st)(mclillg l)r_q_agal i_ 1)aralll('t_'l'S. 'I1_,' 1;li I_T l)al';tIll_'l {'l'S W_T(' ('al('_llal ('_l ;tsSlllllillg
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dista.nce (z,.) equal t,o 20.()(}0 knl, a. source tlist,ance (:,) of 30(.) km, a ll_l ali inner stall, lt'llgtll O_lllal I_

200 III. Note that: the inner sr:ah' length was chosen somewhat arbitrarily, rcl)r_: _t'ulillg tilt' rc's(_lllti(_ll

of in-situ llleasurolllelltS in some c'a.scs, but that: the propagal:ion paramet.('rs clo not (]t,l)entI strollgly

on Li. rFhe ion density lll('aSUl'(?lllClll;s ()f Phelps and Sagalyn (1!)76) wt,re ol)tainett with tj1(' sl)ht,rical

elt,ctr()static analyzt,r I)rol)c on ISIS 1 in the topside iont)spllero at high la t.itlulcs ((it) S,l _h,gre(,s illvari-

ant latit.ltd(,) anti altitu(lcs ranging from 574 lo 3523 kin. Irrcglllarily scale slz(,s l'allgillg t'rtml 2()() III

l() 1()() km anti irr(,gularity amptit.udt:s a.s high as 2()_X, ()t' the nlean wet(' znt'aslu'ctt. Assluning t lint

these charact.eristics persist throughout, the ion()sphcrc, one woul(t d,,'ivc a relewlnt t'lt,clrol>(l(,Jlsily

l)erturlmtion of 1()'_ cre- :_ and the corrt,sp{mding l)rOlmgation l)a.l.alllt!l.t,rs sllOWll iii Tal)l(' 1. g)ysoll.

l\[cClure, aim Hanson (1.974) rel)orl, oil similar results ol)tainetl with the retarding l)tJt,('ntial anMyz(,r

on OGO-6. These mt'asurelnents inchtde(t equatorial regious, which weie t'oun(l t:o possess solnewhat

h{gh('r irregularities ttmn tlm 1)olar regions. The rocket _ne_tsurenlents of Costa _tnd I'(t'l](,y (1976) were

lak(ul irl th(' 1)ottonlsi(le ionosphc, re (altitu(les of 270-3.1() km) over Na.ta.l, Bra.zil. with a Langm_ir

prol)c. The results l)rescnted in Tabh., I for these me,:_.surements are reprc:_entative of a de_sity hoh" ()r

plumelike structure ncur the F-region peak. The OGO-6 measurements reported 1)3' Basu, l-la,su, a.n(l

Kalm (1976) were oi)rained with t,hc retarding potential mlalyzer over wu'ious equatoria..l regions at an

aliitutte of 4()0 km. The irregul'u'ity anq)lit, udc of 3 × 1()'_ Cln- :_ is assccia.ted with severe iont_spheric
ctmdilions which are con l_non over lhc African anti Atlantic sect.ors.

TABLE I

In Situ Measurements of Ioitospheric Irregularities

L,, a,,, a,_, g,, F,.,,h
-_ ( ° ,lonosi, hvric (.on btu, ns _k__ _CIII_____I-;_.j (l-{atlians) (kjn_ .(_lH_z)

"r}_l)si(l,.'. l_igh-lat il u(l('" 1{) 1(1'_ 25 20 63

'I'opsi¢le. eq_lalorial _' }

l{_lt._)_si_lt', ctpmtorial sl)r(,a(l F' lt) 2>: 1(}'_ 50 75 16

N_'ar (h'_lsi13' peak, Cqllal orial '_ 2 3 × 10r' 34 3.7 2.4

"PlmlI)s and Sagalyn (1976).

"Dyson ct _1. (197-1).

"C(_sl a a11(t I'(vll(,y (197(i).

['n(l(,r strong scatleri_g c()_tliti_ls, t.h(, cxislenct, of a. scinlillat.i(m intlt,x approximat.ely cqlml l.o

_)_, a_<t c_._rrt,Sl)on(ting sig_ml t'a(tt,s of 20 lo 3{) (IB al VIIF frvq_cm'ies is ttuilv comnlon. I{I_IS l)has( ,

t]_l('i_-tti(ms ill Ill(, l(,'llS _)t" ra_lial_S al VI:lia ar_,also tylfical. In Tal_l(, 11, lilt' l't,sull.s of l,w()rt,l)r(,sellta.tiv(,

S<'illl illali,m Sl ll(li_'s arc, Sllllllllal'iZt.(l. [_¥(!lDOllW ('t. ¢11.. 1978 l't'l)()l'l, oil scintillat.io_ IlIt'a.SUF('III('III,s (akt,n

a_l i]_' [!liiv(q'sifv t_.{'Alaska's t)()k(:_" l:'lal I{()t,l<('l l/a_"_;_', i.]l(' lllslillllo Gt'olisico tld P('r_'s r(,c(,ivi_g

(Sl);t_l_li_g; \'I|F" l,)S J_an(l) c_],(,rt,_! ra(tio l)t,a_("(_ (_ l.l_(, I)NA \Vi<h'lm_l salt'llil(.. Al VIIF (138 I_lttz)

lilt' lll_'a,stlr('llli'lll,_ al'(' charm'l(,riz(,_] I_y sig_i_l t'a_t(,s as (1('(,1)as 4{)_1I_ an(l 1)lms(' t,xc_rsitms t)f sm'_'rM

:. "I'll(, t)l()l)ag;tii()l_ lmral_l_,l_,rs l)l'_,s(,lll_,(l iii 'I';tl)h, II wt,r(, (l(,riv(,_l f()r a_ I_.NIS l)ha.s( , tt_t'l_lali(_ _)t'
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TABLE II

VHF Scintillation Measurements

I_,, _:,,, :_,:, :',, I,.,.,

l(),,()Sl)h(,ri(' C(.),,(titio,,s _k_l!)) _(!',,, :_') l__,(liaas) ___l)._ __I__,

Polar (1)oker Flat ) 1,6 10;' 1() 1() 19

ml(t (,(llmi()rial (Au(';)_l)"

E(tuat()rial (Asc('zlsi()n Islau(l) t' 1.() 1()'_' 8.0 9.3 ll

"Fr('ItL()uw ct _l,/.(1978),

t'l(im.) _'t a.l. (19Sl).

1(1ra(liail: all(t a,'-;,'-;lllnin_ ;til I'_IS el(,('tr(m (h,usity variati()n ()f 10ncm :_. Th(' s(,iutillation stll(ty ()t'

l_in() _'t _l.. (19Sla) is I)as(,(l ()11lll('aSlU'('ln('uts t.akell ()11Asc,('nsioll lsl_l.l_l, whi(,h is l()ca.te(t ill t.llc

S(_lllll A(l_:lli(' i_m():.q)lleri(' ('quat()rial a.llollmlv region wlv:r(' st.rollg s('iut.illat,i()_ ett'(_cts al'(' _or_u-_lly

()l)_('rv('(t. VI-II: (25() _lltz) sig_ml,s ()rigi_ati_g t'ro_ tl_e _la.risa.t sat,c'llite .sl_ow(,(t(t('el) fmt(,s fr()_u 20

:_()(tI_. Ass_i_lg a_ I-(_IS ('h.'('Iro_-d('_sity t!_ct.ua.tio_ ()f 10_' ('lll :_ ;i,ll([ a _naguit_(l(' ()f 10 21 f()r tl_(,ir

l)ara_(,t('r (',. (_(' ol)t;.d_,s a_ ()_t(.,r .wah' l('_gih of 1 ku_ t'ro_ tl_eir Vigur(' IV-II. Tlacs(, wd_es can 1)(,

_._(,(1i()(h'riv(' t l_(' 1)r(qmgati()n i)ara_lct,(,l'S t)r('s('ut.c(t iu Tal)l(' I1.

Tl_(',_(' r('s_lts in(ticat(' |,hal u_td('r w()rst-(,a.s(, i()nOsl)h('ric ('()u(liti(.)us, VHF sig_mls will ('xI)eri(m(,(:

(h:('l) t'ml('s raI_gi_g fi'o_u 20 t()40 (IB a.n(l str(ing (list,orti()ns i_ th(,ir teml)()ral ,_t,ructur(' for s.'yst,ems

with Imn(lwi(lths greater than al)t)r()ximat,ely 2 _ltlz.

IV. TIPC SUBROUTINES

Nia_0' ()f tl_("s_l)rou(ines us('(t in TIPC. are awdlabl(, fro_ t,he sta_(tar(t Fortran _m.tt_ li})rary. ()n

lh(., ()tll('r llan(l, s()lll(, ()f tllC r()_t,ill(,s ((,.g., FFT r()ut:in('s) were extractc(l froiu C.LAMS amt oth(,r,s

w(.,r('_l(,v('lop('(t specifically f(.)rTIPC. A I)rief (l(,scril)ti()n of the i_(livi(|_lal routines m_(l their a,sso('iat(,(1

i_l)_t/o_tI)Ut is giv(,_ t)(:,l(_w.A ('ha.rr showing rh(, ('ailing s('(lU('nc(' aral d(,tailc(l ro,sting oi' ti_(,se calls

is giv(,_ i_ Al)l)en(lix A. TI_(, gen(,ral flow of the 1)rogr_u_lis illti.stra,te(l in Fig_re 2.

AXIAXNIIN (ARRAY. N. ANIAX. I_,IAX, A_IIN, IIXIIN)

Thi.s .s_l)r()_ttiu(, s('arch(,.s til(, tits| N (,h,m(:nts of lhc array ARI_.AY fi)r tl_(' umxi_mm_ tt.ii([u_iuiu_u

val_(,, ltr(,t_u'us t.h(, _m_,xiuml_ vah_(, iu AI_iAX a.n(l its ('orr(,sI)ou(ling index i_ II_IAX. lt als() r_,t,_u'us

the _lfi_i_u_ ','al_(, iu AI_IIN and its corr('sl)OI_(li_g index i_ D,IIN.

A\:(;TI_IE (AI/RA":, TAV(;)

This s_t_t'()_ti_(, uses rh(, val_(,,s i_ At:_RAY as w(,ig;hts iii c(.)u._l.r_t'tiug I;h(' w('igsht('(l avcrag(.' ()f rh('

tilll(_._;iii TItlE. Th(, w(:ight.(,(l av(,i'ag(, is i'('t.llrll(,(1 ill TAVC,. NI)TS ii,IX,lls(,(t iii the av(,r;ig,(:,.
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CFFTB (N, ('. WSAVE)

This slllwoiltinc in FFT.FOI1 ('OIlI])II|,('S l,ho lmckwa.r¢t ('onq)lex (¢tiscrcte)Fourier la'ansi'ornl ¢_t't.h('

sP(|llCllCCof N l)Oillts iii [,he arr0..y (.'. WSAVE is a work m',",v t,ha.t IIIIISl,])C tirst init.ialize(l with a. call
tr ( ' CFFTI.

CFFTF (N, C, WSAVE)

Tllis subr(mtilw in FFT.FOII complltes the forwa.rtI conq)h,x ((liscreW) Fourier tra.nst'orlll of the

sequence of N 1)oillts in t.lie array (_'. WSAVE is a. work array that must l)t' first initia.lize(I with a. ca.li
to (?FFTI.

CFVTI (N. WSAVE)

_Ihis sul)rout, ine in FFT.t ()I1 initializes wdues in t.he work a.rray WSAVE for use with (, I I B and
C.FFTF.

(',IF{t,"(CI)T, DI), NTII_I, CR)

This sulwolltine conq)utes NTII_I values of a randonl t'unct.ion iii the time ctolna,ill, which is meant

t,, simulate Ihe sto('hastic feat.ui'es of/.lie ionosl)hei'e. Tile Fourier |;i'_tiisI()I'ill()f t,his function is ret.urn(,¢l

iii CI{. CI)T is lilt, thne increlnent to I)e usccl, while DD is the (May interva.1 h'ngth l,o I)e lls(,(l. "l'hc

coherelwe freqllency 1)a.n(lwidth, F,.,,h, is _dso lise(l in constructing the filnct,ion.

C LE AR (TTY)

This sul)rolltille clea.rs the user's s(:ro(qi a.n(l repositions l,he cursor. TTY in(Ileal,es the l;yI)e of

terminal iii llse. Two tylmS of terminals are supported i)y t,his rout, lhc: I)EC-conipa, til)le an(l Tektronix-
cOnllmtil)h' termilmls.

" -S '( N "v lit), (.)I_ (I, DEX)

Tills sulwoutinc est:imates the (tifferencc iii times of arrivals fi)r pairs of receiw:rs by deterntining
where the integral of Ti(t)Tj(t- s) owwt is maxinlizect (Ti and Tj are t,he received sigmds for receiw:rs

i and j). This estimate is l)lace_l in the array DTOA using INDEX as a guide. This sul_routin(, (,ml

also generate a. ph)t c)fthe above integral clepending on the flag PLTCC.

CROSINF() (N. AI_RAY. ,11, 32, SttlFT, I)TA, FWHM, TC)

This sul)rolitine exaniines N elelnents in the a.rray AI/Ii.AY for a lna.xinmni. Tile t,iine corresl)on_lilig
tc_ttiis l)oilg is Ilse(l in estinlating the (h'lta. t,ilne of arriwd which is returiied iii I)TA..ll an(! ,12 a,:',:'

the two receivor imlices anti Sl:lIFT is til(, alllount of time disl)lacenlent t\mnd iii tll_' inl)ul, a.rra.y.
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ETTYI) EF

This sld)routine is a _!:,lllllly routine for l_.he proper flmct, ioning of t,h¢, ()INK library.

ETTYNOP

This sllln'outilu, is a dmnmy rolltine f()r tlm 1)roI)er funct, ioning of t,he OINK litn'ary.

PI,'T (NT, NF, DT. TVAL. CFT, FVAL, WOF/K)

Tllis :_ldmmtille Cmnl)lltes the fi>rward Fom'i¢,r t.ransfc)rnl of a fimct, ion. NT values of the flllwtion.

iii the tinie ch_lnaill are taken ft'oi11 TVAL (where IDT is the ti111e increlnent, between successiw:_ va.Ines)

a11¢l ('oilvert¢,¢l to NI" rallies iii tilt, frequency ¢tonmh_. The remllting c¢.nlll)lex spectrlllll is ollt, l)llt iii

('FT while the lllagllitll(le ¢)tr"tllese va,hie','-; are OlltI)l, lt ill FV'AI,. W()F{K is used as a. sc,ratch array.

F II,TEllS

This sui)r_Jll/iltv ('stal_lislles l lu, nect'ssary int'ormati¢_ll to ([etinc. tile receivers. The tim(' domain

resl_()_lses are sl(_r('¢l in TVAL. The ('Onll)lex Dmrier I rallsforlns art, Stored in FIL. The ma.gnit.u¢les of

llw si)ceil'al valm's art, storc¢t in FVAL. Ti_ue ¢Mays (.¢) 1)¢, ass()cial;et[ wil,h each filt,er are stored in
ll ('V R D LY.

F,_IT()A (VAI_I. VAL2, NPTS, TII_IE, TOA, LEFT, IlK;HT)

Tills s_l_r_tin¢' ¢,sti_mtes t.he t.in_¢' ot' arrival for a giv¢,_ r¢,ceivt,r l_y tl_¢, fr¢,(tuency-mo¢lula.l.im_

_,t1_¢_¢1 i_itially dt'v¢'h.)l)¢'¢l I)y I1. l_lassey (groul) SST-7, LANL). lt uses the e_w;lol)e of t,l_e re.ceive(l

sig_al i_ VA 1,1 t¢_¢tet:ine a pt,ak region. The lu_mdarit's of this region are rt,tm'_e¢t in I_EFT a.ll¢l IIlGIIT.

'FI_¢' act_al rc,c¢'iv¢,(1 sig_al i_ VAL2 is (,xa.mi_e¢l over this regi¢nt. A flnictio._t whicl_ is the s(l_m.re ¢_t'

tl_¢' (lit-f'_'r(qme t_¢'twee_ s_mcessiv¢' zeros ¢)f til(' signal w,rsus rh(' t,illlC' WdlleS iii TIME is COllSt,l'llCl.(!([ iii

VAL2 (ovcrwriti_!g the l)revi,_:ts val_es). A straight, line is then fit to t,his fimction. The i)oi_t where
finis liu¢' cr¢)sses t l_¢, t,i_n(, axis is r¢,t_lrm, d in TOA as the time of a.rriwtl for t;lml, receiver.

FItANGE (IESC)

Tl_is sulmmtine (l(,t¢,rmines tlte frequency range I,o be used in generating time doma, in plots so that

file I)l()tl.ed siglml will fit within the t,ime window allol, l,cd. IESC is the escape code c'_m;re(i 1)3, tlm
HS(W,

FREQPL()T (YVAR, IST, ND, NCU.I-IVES, NPLOTS, IOPT)

Tl_is s_l>rouline gent,rat;es plots in t l_e frequency donm, in. YVAR is the _-m'ay of values tc) 1)(' I)lotte(l.

IST is th¢, starling in¢l¢'x t'¢_r each colm_m )f t.h(, array while NI) is the :mmber of va.lll(_S I-,o plot. f¢)r

each of t.h(' NI)L()TS. NCUtlVES is t,h(! lUllnl)(q" ()f cllrves t,o overplot on each graph. IOPT in¢lica.t,es

tlw type of l)l¢)t eh,sired.
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FFIFIL (FLO, FHI, COEF, FLTR)

This subroutin(_ construct:s a wide-I)a.IM tilter by snmothly lint;thing togel, her t.,Xl)OntmtiMt'llnct,ions

in s:u'h a way that, there is 50% transmission at t,he specified low mid high fr(,qutql('it_s of FL() anti

FHI. (.()El; l; gow, rns the steepness of the exl)onentials. The result, ing COlnplex t'uncl,ion is l'el.urned in
FLTR.

(,E I N( ISE

This subroutine retrieves noise data. from a file whose na.lhC is given in NSFILE a.ll(l then sorts the

vallles.

Gl;/I NI:' ([ R, DM DS)

This subroutine calculates t,he noise pa.rameters DM _m_l DS corresponding to a given frequency
FR by intei't)ola.l ing in the ra.mlolil noise table.

(,E.: IK.X I1. (NII.)

, p PThis sut)routin(, wt.ricv,:s tabular (lata from a fih:'whose 11_1,111oal)t)l,a.rs in SI/.t iLl.., alld which (iefines

the froqlmncy response of a given receiver. NII is the illdex of t,he receiver.

(,i,I IASK (IIASk, FLAG1, _'_''_.,_t_:,,. ,*""'"_ FLAG3).

This subroutine requc:-_t,sfrom the, user the task tlmt. is t,o be lmrfornmd (returnt,d ill ITASK) and

calls t.h(_al)l_roi)ria.t(, nmm_ routilles to establish the necessary I)aranmter va.lues. FI,AG1, FLAG2, a.ml

I;'LAG3 iltdicatc whether paranmters were modified by t,hc llienus corresi)onding to _IYansionosl)heric

Propagation, Satellite Detection, and Signal Processing respectively.

(,E3 3.EX_I (Cl.,t E, IEIIR)

") ,1 r -_ r •

This sial)rout, lhc rct.rieves textual information from t,hc file TIl C. I X_I, using CI__UEas t.h(._string

in angle I)rackels that sets off the particular message an(l rct_rniI_g in 1EIll/ an error condition co(h,.

INITI\IENU

This block (la la sUl)l)rogra_ initializes rh(; various mem_ Ol)tions.

INITTF

This s',brout.ine i_,itializes tire array of tinK,s in TIME and t'rt:q_mnci(,s iii FREQ. It uses l,h(' time
--1r •

incr(qn(,n{, .)T and th(_ numl)er of san_ples points NI-I S t,o (lo this. Ii, als() detines TMAX, TMII), an(l
FhlAX.



, INITVAL

This subrout, ine perfornls the necessary initiMiza, t.ion when TIPC is start, cd up.

INITVEC (All.RAY, LOW, HIGH, NUM, LOGSCALE)

This subrout;ine est,ablishes an array of NUM wdues in AIR,1RAYby imerI)olal, illg between l,hc Ic_w

and high va,hms (LOW aral HIGH respectively). LOGSCAIA_ italic'at,es whet, her intel:polation is t.o lw

done on a log sca,lo Or not.

I()FlllS (CIN)

.This fllll¢'tion in the OINK lil_nl.ry _leternlines the position of Lhc first sigllifi¢,ant ¢'lm.rae/,er ill the

string CIN.

IOGETC (CPI/OMI?, CESCAIL CINOUT, IESC)

This sul)routine in the (.)INK lil)rary presents t,he proml)t in C,PI/OMP to the user an(l acc.ept,s the

user's input <)fa string in CINOUT. CESC, AP cont, ains a st,ring of "escape" charact, ers. The st.a.t,lis()t"

the ilser's iIllmt, is ret,unmd iii IESC,.

I()GETI (NEXPt_C, C,PI/OMP, CESCAP, IINOUT, NFOUNb, iii;S(',)

This slllwoutine ill t.lw (.)INK lil)rary presents Lhc',lm)mt)i; in C,PIK)MP t,o the list,I" anti a.ccel)t,s

the user's iIll)Ut _t' a.n integer value ,,)r array in IINOUT. NEXPEC, is the mmll)er c)f'va.llws t,o Iw

exl)ec/,e¢l. CESCAP colit,ains a string of "cscape" characters. The Illunl)¢;r of wdlws elli.ere(l is r(,_uI'ne(l

iii NFOUND. The sta.tlis of the user's input is returned iii IESC.

I()(IETI/(NEXPEC, CPIt()M1;L CESCAP, IIINOUT, NFOUND, IESC)

This slll,rout.ine in t;he OINK library presents t,he prompt in CPII.OMP t;o l;he user an(l aCCel)t,s

tlm llser's iIltnlt of a real Value or array in I/INOUT. NEXPEC is t,he mmlb(:r of values t,o t_e ex-

I)ect.e(l. CESCAP coiit;,dns a string of "escal)e" characters. The mmll_cr of values cnt.erecl is ret,llrm,cl

in NFOUND. The status of the user's input is ret,urned iii IESC.

IOGFIL (CP_OMP. CESCAP, CSTAT, CFNAME, IESC,)

'I'liis sul)ro_itin(, iii Lhc ()INK library l)resent, s Lhc l)rOllll)l; iii CPI1OMP t,o Lhc user and a.ccel)l;s

the user's input, of a. tile name in CFNAMIE. 'i"he string iii CSTAT is 1;hen use(l t,o (tel,er_ni_,,' t,he tile's

status. CESCAP contains a st,ring of "escai)e" chaI'_-_cl;ers. The si,at;us of tile user's i_llmI, is ret,_u'ne(l
iii IESC.
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IOINIT {C,SYS, C'Ao,_......... NWIDTH)

This subroutine in the OINK library initializes the internal wu'iables that: are system dependent

(n' global iii nature. This must be called before ally or,her OINK subrout, ine is invoked. CSYS contains

t:he,operat, ing system keyword ("vms," "ctss," or "unix"), CASE indicat, es tlm case in whMl charact, er

information in l'ettlrllect to t}'Oprogralll frolll sollle of the OINK routines ("lt" or "l"). NWIDTH defines
the wktt, h of the terminwl s,:reen or window in cha,ract, ers.

IOLAST (CIN)

Tl_is function in the ()INK library determines tile position of tile last significant character in the

string (!IN.

IONMEN (NITEM, CTITLE, NEXPEC, CPR,Oh,lP, IOPT, NFOUND)

This subrolltine in the OINK library handles menus with integer-labeled optiolls. NITEM is the

nulnl)er of items to al)pear on tile tamm. CTITLE contains the title to appear above the menu (may

})e a mill string). NEXPEC indicated the number of options that tile user is expected t.o enter. The

array of l)rompts tbr the menu items is in CPItOMP. The user's choices are returned in IOPT. The
llulllber of nlellU items chosen is returned in NFOUND.

I()()FIL (LUNIT, CPR()MP, CESCAP, CSTAT, CFNAME, IESC)

This sul_routim,_ in the O!NK library prompts the user with CPROMP a.n(l accepts the user's iilplll)

_f' a Iii<' nam(' in CVNAME. The string in CSTAT is used as the status in attempting to open the file

usillg the logical unit mlmber specifie_l in LUNIT. CESCAP contains a string of "escape" characters.

The status of the user's reply is returned in IESC.

I()USEI1

This is a dumlny rolttine for the proper fimctioning of the OINK library.

IOY()IIN (CI_I/OMP, (?ESC,AP, CYOF/N, 1ESC)

'I'}lis sllln'olltin(' iii flit' ()INK library l)resolll,s tlm i)ronq)t in CPI_OMP to the user in the fornl

of a y(!s or no (tllesl,ion :,til(1acceI)ts tlm user's resl)onsc in CYO1R,N. CESCAP is a string of "escape"

(:hm'at't(,r:< The status of tlm us(:r's reply is returned in Ili;SC.

fPCPB1

•l t _.
Tliis Sllt)l'Oll(.ill(_ ¢g(,ll(q'at.l!s a Slli)( r-(,a.lls.;i&ll ilipUt sigllal.

I1_(IP132

Tills slll_Vc)tltim, goll(,rat_!s >_mo(titio_l (',mlssia, n illlnll sigmtl.
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IPDELTA

This subroutine generates a, set, of delta functions for an input signal,

IPEMP

This sul)rolltinc generates double exponential fimction for an input signal.

IPROP

This subroutine sillmlates the, effect of the ionosphere on the input signM, lt first adds the lloisc,

reqlw,ste,1 to tile inI)ut signal. Then it api)lies to the Fom'ier tra,nsf'orm of' tileiiq)ut sigmd _ trailsfer

fimct,iol_ that includes phas(! shifts a,s a, fimctiou of fro(lll(_II(',y iii order to SilIllllat(_ the deternfinistic

aslwct, s of the ionost)here. T: ;;cintillations axe roquested, a stochastic tra,nsfer flmction is genera, te(l

ttJ is also applied to the signM. This subI'outille ca,n generate a plot of the tra,nsionospheric sigmd ii'

imtica, ted by PLTTIS.

1PTABLE

This sutn'outine gellel'a, tes ali input signal from tabular data. Tile na,mc of the fih' whicll contains
the data is found in IPFILE.

LETOA (ARRAY, NPTS, TIME, TOA, LEFT, RIGHT)

This subroutine estimates the time of arriva,1 for a given receiver l)y the Lea(ling Edge lnetho(1.

Tile envelope of the NPTS values of the received signal is in the ro'ray AI1RAY. Two points on the

leading edge where the signal drops to 2/3 and 1/3 of the peak value are t'omL(l. A straight line is
clrawll betweeli these two points, and the I)oilit where the line intersects the time axis is (leclm'e(I to I)e

tlw tilll(' (_t'arrival for that receiver. The tim(' wdlles iii TIME are used for tllis Imrpose. The tilne of

a.rrival is retllrned iii TOA. Also returne(1 are l_oundaries of the signal peak region, I_EFT ancl IIlGHT,

fi_r plotting lmrl)oSeS.

I_IENUDT (FLAG, IESC)

This subrolit, ine requests from ttle lls_',r_,dlthe infoz'ma,tiou nee(le(l to l)erl'orni a (lelta-tinl(_-ot'-arrival

stu(ly. FLAG indicates whether any of tlm parameter wdues were changer1. IESC, is tlm' escape code

corresponding t,o the llser's last response.

I_IENUDU (FLAG, IESC)

'Flfis slll_rolltine reqlwsts t'roxn the user ali the illforllmt,ioll nee(led to l)crforlll a delta time of ro'rival

llllcertainty stll(ly. FLAG in(licates whether m}y ()t' the pa,rmnetcr Wdlle,_ were cha,nge(l. IESC is the

escape code corre,sptmding to the _lser's last respo_lse.
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MENUPS (FLAG, IESC)

This subroutine requests fr(ml the user ali the infornlation needed to perfornl signal processing.

FLAG indicates whet;hor any oi' the paralneter values were changed. IESC is t,he escape code terre-
Sl)on(ling to the user's last response.

MENUSI) (FLAG, IESC)

This subroutine requests Keto the user ali the information needed to perform sigmll detectio;{.

FI,AG indicates whether any of the parameter values were changed. IESC is the escape ,'ode terre,-
spending to the user's last response.

MENUTP (FLAG, IESC)

This subroutine requests from the user all the inf'ornmtion needed to perfbrm transionospheric

propagation. FLAG indicates whetller any of the parameter values were changed, IESC is the escape
co(le corresponding to the user's last response. ,.

NEWSE1BD (SEED)

This subroutine uses the current system time to estal)lish an initial wtlue for SEED which is used
irl tlm generation of random munbers.

NOISE ,,

This sul)routin(_ defines tlle noise that is to 1)c a(ide(1 to the input signal. II;can also generate plots

of tlm tabular noise, the inI)ltt signal plus noise, or the sl)ect,runl of the inpllt signal plus noise.

N()ISE1

Tlfis sld)r(.)ut,ine generates white noise tbr the input signal.

N()ISE2

'I'llis sld_rolll, ine, gell(,rates fl'equexlcy-dei)en(le.nt Iloise fbr tlm input signal base,d on tlm t;abula,te(1
tiara ill a file. Tlm llallle of tlm Iii(,' is stored iii NSFII,E.

N()PRIXlT

'l'llis is a (lltliUl6' rolltine for the 1)tel)or t:'ulmtioning of (,he OINK library.

I'AI_,AMS (IXI()I)E)

'l'llis slll_r(mtill(, either saves l,ll(, l)'tram(;ter wdues in a file or restor(>: l;hose wdu(',s fl'(ml a file

(h'l)('ll(ling ,m tlm string in M()I)E. Tlm user is l)r()ml)t(:(l for the name of the l)aralllet(;r file.
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.PAFISE_IS(, (MS(,, IxEYW()I:_I), VAI,UI:_,,IESC)

rT'_I '_i ni,' subrout.int, ext;ra.ct,s t,he ke:vwor(l a.n¢l value f'ron_ the first, segn_el_(,of tu_ izlt'orl_m.(,iol_lltt'SSa,,U;t,ill

MSG ,,¢hich is included wil,l.l t,a,tmlm' (lt_i;a..These m'e rcl, tu'_,{l iii KII,SY\¥ORD a,licl VA Lt l I;3rt_,';l)ect,iv('ly.

The lllO,'..;sa,gos lllillllS 1311ofirst, seglnent, a,re rel,urnetl in MSCI, An (,trot colltli(,iol_ is roi,llnle_l iu II';S(I.

PAIISE ' '

l lu,' sutn'out, ine l)rillt,s out tU_ilmo('UOUSl_mss_ge mM wMt,s t'tw a.l_yrespcmse t'rol_ I,l_ellser.
i,

PL()TEXrr (TTY)

This sul)rollt.ine iu NCAI/,.FOR t.ermilm,t.es any gra.pl_ics outimt,.

-) " r _

IL() I. INIT (TTY)

This sul>rout, ine ill NCAR.F()R prepares fbr grapliics o_tpttt:.

, , I TS, N(,, Ii l.r, NI I5i, I()PT XI__AI3EL, YLABLI.,PLOTXY (X, Y ISTAI_SI' NI)lM, N _ ' ' _ _ _ _ , ' _'
TITLI/_31 II 1I_.I)32,lx,II_SSA(..,t, TTY)

This sut)r()t_tine iii NCA't:I.F'OII proiluces (me _)I'niore X-Y plots. The colt_nlns of Y are plot,l,e(l a.s

a f'unctiott of X starting a.t, ISTAItT. NDIM is t,he cohmm dintension (>t'the t:wo-<ti_mltsi(,_a.l array Y.

NPTS is the muill)er of l)oim,s Ix) plo(,. NC, is t,he _m_fl)er of (:t_rves t,o plot. per gral)li. IPI:I' is t,l_(,

in(lex of tlm plot, (t'rtmi 1 t.o ,1) t:l_at in(lica, t,es where ill l,he Ira,ge ii, is l,o l)e l)l()(.te(l iii case t,her(, is

more t,ha,n one plot. NI)LT is the total xumfl)er ()t' l)lol,s. I()I)T imlica, t,es tl_e t,yl)(_of scales 1,()_t.st'

(1 for linear X, liuear Y; 2 for linear X, logarit, h_nic Y; 3 fi)r l¢)garit,l_ic X, li_t(_a,rY; m_¢l 4 t'(n'

logaritl_i(' X, l()garii.l_ic Y) XI_ABEI_, ('o_fl,a.i_s i,]_(,lalml t'¢wt,l_e.X a.xis whil(, YI_AI LI, (:())_i,ai_s

the lal)td for I,he Y a,xis. TITLE1 and 'HTLF2 c(nfl,ain l,it,les a,_(l sul)t, il,les t,o Ix, (lisi>l_y(,(l al, ,tl_(_I,()I)
of(,lwlm,ge._II..,SSA(.,Ec(mt,ainssecontla,ryi_fc,r_m.l,hm 1,()I)(,(lisl)la,,w'¢li_,_ue_liauqyl)elow1+I_(,l.i(,le.s.

TTY i_(lh:.a.testlmtype_).("ter_ninall)(,ing_se(l.

P()LY (N, (',()li;t", X)

This fiw_ct,i()_ r(,i,_nLs l,he val_a, of a l)()ly_o_ial a,i, X wl_icl_is sl)(,citie(l IW N _'()(,tficie_l:ssl._m,_l ill
_((..,)t,F.

PIII.,SE :;'' '(II.S(,)

"H_is s_l)ro_)t, in(, r(,(luest,s I'r(.)t)_tlm _ser (,I_(, inft)r))ta.t,i()_ n(_etl(!(l t,()¢l(,t(wlni)_(, t,l_e i)_I)_(, sigl_al,

l:l(:,t,ur)md in IESC. is tilt, (,sca.l>(_c()(l(, c()rresl)t)l_¢ling (,ht, _)ser's h-ts(,)'(_-;l)()_i,';('.
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qWAl)
I

This slll)r_ml,ine perforlns i,he qlm,(|ra,t,ure fili,cri_g a,lgoritl_t_, lt sunls (;lw r(,cviv(_(lsigim,l itsdr a,zM

tile receive(t siglm.] shift,ecl (mi, of plmsc ltv 90 degroes witl_ a, fici,il,iolls l()<'alo,willa,l,()r. II, can l>l_)t,l,hes(,

quaclrat).lre resuli,s ii' il_(lica,i;e(t l_y PLTQUAI).

I-IANDG (I_IEAN, SIG_IA, SEED)

This sul)rtmt,itlo gclmra.t,<'sGaus,'m, ll t'mt(lom values wit,lt ttlea.n a.ii(l sta,li<lm'(l devia.t.ioli Sl)(.,<:iti<'<lI)y

I_II!;AN amt SIGI_IA WSl>Oct;ivoly.SEIT;I)is aut,mimt, ica,lly Ul)(lat,e<t.

t;IANI) t_ (S EF;D)

This sul)rout, im, g<,lioral;es miit'orni random w_.lues I)et,weon zero a.il(l ollo. SEEI) is a.utolimi.icn.lly
uD(lat,e(l.

RESTOI/E (NAI_IE, VALUE, INDX)

This sulwoul.ino rest.ores t,he wfiue of a lla, ra, lllel;or specifie(l in a lill(., of t,lw Imrmuetcr file. The

paranml;er's lla,me is given in NAMt!;. li' iris a,n array, the in¢tex is given in INDX. The cba.ra.ct,ct-string
c(mt:aining t,tl(, wfiue is given in VALUE.

S AT D E'I'

Tills slil)r(ml;ino ln()(h,ls l;he (lel;ecti(m of a.l.ransiollostfiloric signal l)ya.Sl)eeiiie(l recciww. II. can
illso g('li('l'a,i;O l)lot.s of t,lu, rc,ceiw_(l siglials.

SAVE(.', (LUN, NAME, VAI/.IABLE)

This s_it)r()lil:ine elico(tes the val_le of a,ch_u'acter--si;ringvarial)le st.ored iii VAI/IABLE along wil,h

it,s llallie iii NAME all([ writes t,his out; t,o the l)al'{tlllet,('l • file IlSillg til(' logical llllil. IIIIIIII/PI' Slmcifie(l iii
LUN.

SAVEI (LUN, NAMtD, VAfllAI3LE)

Tills slil_roul,ine enco_h,sthe value ot' a,ll ililx'.g(,r varial)h! si,ore(l iii VAII.IAi3LE a.lolig wil,h its llalli(,

iii NAiklE alld wrii, es i,his o111,l,o tile l)a.l'll, lli(_tel ' tile llSillg Lhc logical 1lllii, i111111])oI'Sl)ecili(,(l iii IA.JN,

SAVEL (LUN, NAI_IE, VAI{IAIII,E)

Tills sill,re,li, in(' elico(les Lhc vallie (,i' a logical vi_rial)le sl,ore(l iii VAI:IIABI,E al()llg wi(li il,s lla.lilO

iii NAMk; aral wril,es this ()111.t,o the l)itra,lllf't,er fih, llSillg; the h)gicM ltllit, litilnll(!r Sl)ecitio<l in LtlN.
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SAVEF_ (LUN, NAME, VARIABLE)

'I'his sllt.)roul.ine encc_(les the va.lue _f a. real wl.ria,l,lc st._re¢t in VA IZlIABLt,3Mong wil,ll it,s na.lhc in

NA IL, and wril,es l,his c)ltl, t,o t.lle t)a,l'mnel,er file using t,he 10gica.1unit, retail)ev sp_,cit:i0_lin lA.IN

SE;T'I'I_;C (VALUI_;)

This sul_rout, ine esl,al_lishes a new vMue ti:n'Tt!3C, mM oi,her gl_lml wl.riM_lcs whose w.tlues _telmml
_nl _I'g(!.

SlCNAL

This suln'outine constructs the input signM a,nd its l)kmriev t.ra.nsfl_mll. II; can a,lso generate plots

of t,he inpllt siglm.1.

801-t51"(N, X, }', NDIM, NC)

This sul_routine sort.s t,he N elements of _rray. X in ascending or{lcr a.nd nm.kes sure the element,s

iii each colulmi of Y are 1)erlnlll;ed ill exactly l;he same, wiry. NDIM is t,he column size ot' }" while NC

is l,lle rmmlmr oi' (:olllillllS t,o I_erl_mt,e.

SQI{I,AW

_l'llis sul_routilte passes the signa, l power throl@l a low-lmSS flit,ev t,o _tet,erliiine its onveh)I:)e.

TA,.%.'t,_I)T

Tills slll)r()llt.il;e l)(,rt'_)rliis a l)ell;a, _lT'illle()|' Arriwtl sl;u{ly 1)y sinnlla,(,iug t:lie vec(,ption of a. t,ral_s-
i_)t_()Sl)t_('ri('sig_la,l 1)3'Sl)('cifie(l r(,ceiv(,rs t'_)r variotts va.lttes ()t' TE(: ;tt_(t ('stitnat, ing t:he (lift'_.,rexice.siii
l.i_l_('s()f arviva.l.

TA S I,(D [!

'Fills s_lt_r_nit,ilie gml('rn.t:es v_lri(n_s rea.liza.l,i_ms of wliit._,xtois¢,or sci_ll,illal,iCms a,ll_l th_qi sint_la.lx,s

1.1_'r_,¢'_,l)li()li_t' th_, r_,_alll.iiig tra._lsi(mosI)l_¢,ric signal l_3, Sln,cili_{l r(,c_,iv(,rs. Tll_, liiea.n a,il_l sigma, _)t'
l.tic (litT_,r_'nc_,siii a.rrival t.imes _tre c_h:ula.l.ed.

TASIdPS (INDEX)

'I_l_is sul_ro_l.i_m al_pli_s on_, of a n_t_l_lmrof siglml-I)rOCessing a.lgorithn.lS lx) 11_!l,rm_sio_sl_lteric

sig_ml rec_,iw,(l by the sa,l,ellite rec¢'iw_rs. INDIq;X is a poilll,er inl,o l:h_,a,rr_ty DTOA.
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TA S 1(S D

'1?l_iss_fl)routim,<leterI_finesv,'i_atsignnls are r<'<'<qve<lI>3"<,richof rh<'r<,c'eivvrswl_os_,i'r_'cllu,l_cy
response lms l_c'_,llspecitie{l I_y tile ii.ser.

TASK'IPP

This s,ll_rolltim' {h'l_'rlllint's whal lml_In'ns to I1,.¢'illlnll signal ns il ImSS_,sthr_mgh t.lle i_llOSl)ll_'l'{'.

TII_IEPL()T (OI:IeSt!TF, YVAIL IST. 1_.1I),N(:UI{VI'2S. Nt_I,()TS. l()P'l')

This sul)rout, im, g_'lleral,_'s _1_, or 11|{)1'{' l)lols iii lilt, l i_' (]t_lll_iill of 1}1o v_tlll('S iii |,lit' _11"1"i13'YVAI{

suclt that the' values i_ 'I'I_IE ar_, _fl's_,t I_ya_ an_mnt i_ ()FIeSI!71". IST is tl_v st.arti_tg i_Mox of t.l_,

values to ]_e usc_i, wt_il_, Nii) i._:tl_e _n_l}_,r¢)f'val_ms lo I_¢,us¢,¢lin lira l)h_is. N('UIWli2S is tlm _n_n_l)¢,r

of c_u',,'es I.o plot o_ _,ac}_gral)h. NPI,()TS is lhc l.¢_l.a.1_n_d){,r {_t"plols, am[ I()PT is an i_licat_r of

the tyI)o of plof t_ _mke.

TSHIFT (CFT, TS. VAI,, SAVt'._)

This st_l)rtml.in,, tmfltit:)livs I1_' _,Oml)h'x Sl)_'¢'lr_ i_ ('I:'I _ I_3' a_ al_l)r_q)ria[.{, t'_'tio_ s¢_llml l.h{,

ret_lrn_'_l in VAL. SAVE in_'li<'at_,swh¢'t.htw l.h¢,Sl)_,ct.r_l_tis l_ I_, _lnlate¢t _r _t.

V_'INDO\,V (AIII:_AY. N, (:UT()teF, IST. NI))

This s_l_rot_ti_lo st,ar,',ll_,s trill'ele_:tenls in AI{IIAY t'orwnr_l t'l't_ti I a_l{l]m{,kxwtr_[t'r_l N fin"t.lie tirsl

w_.lllct]lal cxcect]s CUT()I:b _liln{,s flit, larg_,sl <'ltq_l_'l_l.in al_sCdut¢'\'_tl_l_'.'l'lte h'fl i_t_l_'xis rt'l_ll'Xl¢?t]ill

IST while the l,)tal IIIlllI])tT of ln:_:.nls in }){,l.w_,{,n lhc limits is tel t_rn_,¢tin NI).

YSCALE (_'. N, SCAI_E. LABEl.)

This s_}wo_line in N(?AI{.F()I'_ s_:alvs N val_,s in th_' t_rrny }" a_{] r_'l_r_s l.h_, scaling t'a.cl,or in

SCA[.,E. II "tlso l'(,|lll'llS _|.scaling lalwl in I,AI/;EL |hat c_-tll ]){' llS{,¢[ in lal_'li_:g tlw tH't]ill;ll('s.

V. SAMPLE RUNS

_]'o ill_stral_' ll_' cat)al_ilili_'s <_t'TLP(' a_l t'a,_iliariz_, 11_' _ls{'r wil}_ ll_t, t'_rl_ml of ils _111,I)_1_wt,

arc. li_it_,tl in SCOl)_'a_l ar_' _,_'a_l <_13' io ill_slral_, v;tri_ls _t,st)_'('ls _t' l,l_' _'_¢h'. AI, l}_' sa_e lilllt',

signal im_c_.ssing.
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A, Transionospheric Propagation

Tv,,o _alu!)l(' illl)Ut l)llls(,_, rh(' (t(.'lt_li'llll('tioll _llltl the SUl)('l'-C,_lu_i_Hl i'um'(.i()ll, wet(' l'llll through

rh(, tr_ill_i()ll()._l)llt'ri(:l)r()l')_t_ltit)Hta,_k for i'()llr x'alllt'._()i' tll(' i'rt'(lll('ll('y ('()h('I'(.'m'('I>;ill(1wi(ll.h(f,.,,t) :: _-'_',

2(), 1(). _lll(l 1 _IHz) ;llt(l two si_'ll;_l-t()-H()is('I'_lti()s (SNI:_ :- 1()() ;_(1 1(),()0()). 'l'h(' (t_'t';ll_]tl)_ll.'<('I);_)'_"

witl_ _l)litx_(l(' Hazily.

'I'1_('t._'_l_,_i()_o.'<l)h('_'i('si_H_tl f()_'_ (t('t(,r_iHisti(" io_()sl)h(,_'(' wi(l_ _ TE('. ()f l × 1(1_:_('_ 2 is sl_(_)v_,_t

i)_ l:i_'(' ;_('. 'l'}_()_gt_ _()( rq)l)_re_(, i_t tiwi,'<l)lot, t}_('i_i(.i;tl i_])_l._(' is S('l)_U';_(;('(li_t(_)its i_(lix,i(lu_d

t'r(,(iHt't_('y_,'()_I)()_('_(,_ with the high i'r('(iHt')_('it:'sarriving ti_'st,. Thf, ;_ll)lit.u(t(, of tl_(, l_i_lt..fi't'(lUe_a('y

i())_(,sl)}_('_'('is }_igh('r ;_(,h)w('_"fi'('(l_¢'_('i('s. Th,, su(l(l('n rise i_ signed a_q)lit._(l(' _t. 1,1_s is ;_ _'tif_('(.

'l_l_, <,If'(,('t()t"s('_(.t(,_'i_g o_ the tr_Hsion()sl)h(,_'i(' sig_t_.l is (h:'l)i(:t.e(liH Figures 3(t f. \¥(,,s',t( th_(. tl_(,

si__ll ]);is })('('_)_()(1)_]_-i(.('(lit_ (i)_(, ()'_,('r;_s('_d('(l(,/i_(:rl })y (,h(, (('_q)()r;_.l(li._l)('_'si()_('()rr(,sl)())_(li_,gt() t}_('
c()ht,r('_('(, l);_))(Iwi(Itl_. "l'l)_ts,rh(.' t('_))l)(.)_'al,,.,trh)ctbto'(,i_ t.h(, _i_tal iHcr(_'as('_as I;_.,,_,(l('(')'('as('s;_)_(I(})('

_,_()(IHl_ti())_s('_d(, i_) ti_)_(,iH('re;_.st,s_..'<)_t'_n('tio_ of (.i))_(.,.Th(.' lat.t.e)"r('._lfi(,st,t,)Hs t'r¢:)_)o_r t'or(,iHg t.h(,

<'()1)(')'('_('_'l);_)_(Iwi(Ith is not _) )_('('ur_.t(,(I(>s(,)'il)(ioH(.)I"s('t_(.(,(,ri)_I_;l)(,('a_Is(, 1,',,,_,v_)'i(,s _.s f(l, A g('_)(')_d

l)l()tt('(l i)_t:ig_l)'(,:lh. l}('('_u._('()f lh(' t._'(,_(,_(lou,_(lisl)(')'si()_)in(ro(lu('('(l I)y (.1)('i())_o,'<I)h('r(',(.l_('anq)lit._l(h,

()f ;_ il_iti;_l i_l)ul.'<(, i_ gr(';_lly _'('(h_('('(tr('l_tiv(, t() the H()i._(,.v,:l_i('ll_'('l)r('s('_(..__ (.()_(.i_l()_ sig,)!_l (.]_;_(.

s))li'('_'s))(.)r(,(l_('(i()_) i_ :_ml)li(._(l(' (I_(' t() (lisl)('F,'<io_. This ('xl)l;_i)_,s(l_(' ol:)vi()us _'('(l_('t.i()_ill sig_l-t()-
_()i,'<('_(.'(:'ni_ I:i_'(' :_h. Th(' _'('s_l(.sfor _ SNI'_ ()f I(),()()();_'(' ,_h()w_ i_ I"ig_H'(,s'8i j. F())' tl_i,_('_.,_(,(.h(,
sh_l)(' ()f th(' (r;_si())_()Sl)}_(,)'i('sigl)_l is l)_r(,ly (lis¢'(,l')_il)l(,it) rh(, H()is(,.

:i)('<",r_d _h_I)(' i_tr()(lu('(',,<;__)_()(l_l_.ti())_i))rh(, t_';u)si(.)_)o_I>h('ri('_igm_l, I)l()((.('(li_) l"i_)r(: ' .i('. _'('I;_(.iv('t()
v,'h;_(,)H(' v,'()_](l()})(;_i_)f()r ;_li;_( s[)('('()'u_ (,_('('Fi_))'(, 3('). A(hli(.i,)_);_l)_)o(1)ll;_(.i()_)i_ ix_(ro(l_c('(l i)) rh(,

('_,s(, _)i'ii_it(,-('()h('r(,lW(, })al)(l,,,,'i(lll_ _ _(,(.,)_i_) l"i_H'(,s 4(I I'. As i)) (1)(' ('_.s(' ()I' t}_(.'(h,lt;_ i'_)_('ti())), t.h(,
_)'_))_i()_()_l)l)('l'i,.'.'<ig));_lis los( it_ (l_(')_()is(' t'()r ;_ ,';NI{ ()f 1()() (Fig_lr(' .lh) a)_(i })t_)'(,ly(li,_('(,r_il)lt, f()_ t_

SNI:, ()I' l().()()()(I_'i_4_'(, ,lj).

B. Signal Filte_'i_g

l:'il)(')'i)_) I())' ;) _('( ()I' f(,_,)"(',:_L'<_i:_,lil(('_'_ v,'i(}_ ('('_,(_",_ll'_'('(i_l('_('i('._()I' I(), 7(). 15(). _,(I '.).5(),kill>,,

;_,(I ;_ ._i)_l(' l)_,lx,,i(l(l_ ,)1'2 Nlllz I"\VIINI. 'l'l_(' lil(('_' l)_'()liI(','<;_'(' ,'<l_()x',,)_i), I"i_r(,.'.< 5;_ (I v_'l_ih'(I_(,

('(,)')'('.',i)()))(li))_i)))l)))l_(' )'_'_I)(_))_('_;_)(' ])l()ll('(l i)) }:i,_ll)('_ (i;_ (l. }:,_('l_lil(('l }_;_.'.<;_ l)_lil( i_ _'()_i)(l('l;_y
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i)llls¢, art, sh(>wlJ, ill Figures 7a (i. ]:h'cause (,h(, lmmlwi(ltll oi' these filters and til<, io_losl)heric TEC ar(,

slltficiellt.ly small, the dispersion in(.roduce<I I)y rh<, i<)nosl)|mr(, aCl'<)ss tlm filter is not readily ()bserwd)le

in these signals. We <1(), llow('v('i', o])scrv(' a. t'requt'ncy-del)en(lent; delay in the arriwd t,izne of t,lm i)(;ak

signal. ]?()r exmlll)le, the 40 Nlt|z sig'ml (Figure 7a) shows a tot, al (lela:,: eqllal t() the sllln ()t' tlm sigmd

(t('lay ()t' .1 /,s nleaslu'('d wlativ(:' (.() a cll()Sen al)sollltX' zero (.iltlc. the tilt(,r (ielay of ',2>.12/ts, ml(l tJm

i(_lOsl)llt,ric tlt'lav of 7.!)7 /_s ('<llml t() (.hal CXl)eCt('¢l fl)r tlm (:('lllral frequency of t,tla( filter. A silIlilm"

l'eslIlt is ()l)lailiet] for (lit, other filtt'r;_.. \,Ve also f:iIld tlm( i.lm tt)tal delay (h,creast,s wit.h in('re;usillg

fr('(lllt'llcy ii, a ll,anm,r (.'()nsis(clH, with t.ll(, CXl)Ct't.('(l it)nt)sl)h(,ric (Ma.v.s. By ti_llt_-i,agging thf' arrival ()f'

(lit, sigllal in (liff(,r(')l( rt'ceivers, ii is tllt'r_,t'ort, l>ossil)h, to _h,tcr_i_t, t,l_(' io_OSl)lmric TEC. Alg()ri(.l_s

(l('v(,lol)('(l ti_r t l_is Imrl)OSe ]_,_ve alrea(ly I)(,(,_ _tiscussc,d.

TI_(' (,tt'(,ct of fi)_ile cohere_we I)m_dwi(ltl_s o_ th[._ tilt(,re<I I ransi<)_osl)lmric signal is sl_ow_ in Fig-

_r(,:.; Sa (l, !)a (1, a_(] l()a. (1. WI_(,_ ill(, c_.)here_w(' Im_(lwi(ltl_ ()t' tl_(, iox_OSl)l_(!r(,is larg(,r tl_a.n tl_(, tilter

t)a_(twi(ltl_, t l_(' sigiml al>I)ears virtnMly m_aft'('ct.('(l. ('loser exm_imtt.io_, however, r(,veals a(l(litio_al

t i_(, (l_.'lays a_l(l larger te_l)oral wi(lths t,ha( are co_lsisl(,_t witli tl_(' CXlmCte_l u_('a._l (telays mifi t,]w

ti_(' (h'lay jitter t',,)r tl_e givt,_ ('o]_erenc(" })a_Mwidtl_. WI_('_ 1';.,,_,falls below t,}_(,Im_(lwidtl_ of tlw tilt(,r,

si_ificant (lis(or(ion of (h(,. sig_ml is ol)scrve(l (l-:'ig_m,s l()a (1). A(ldit.io_ml (telays a_(l a i)roader tilt.er_'(l

si_:!;)mlat(, also seen. Each of t.t_ese rem_lts r('i)res('_ts a si_gh, r('alizat, ion of a statis(ical set of 1)ot('nt, ial

()_ll<'()_(,s. II, is al)l)are_( thai (l_(' statistical (lelavs o})taim,(t i)_ I,}_(,pr_,s(,nc(, of str(ing scatt, ering in-

(rc)_l_l('(, ran_]ol_l _l_C(,l'tai)_lies in t t)(' c(m_I)lit,(,(] i()n()sph(,ric TEC.s. The a(lctiti(mM l,(,_I)oral str_lct_lre

i)_Ir()(l_c(,(l ;ii low <'(}t_('r('._(:(,Imnclwi(tfl_s exac(,rlmlcs tl_e l)r()l)h,n_ t)y nmkinl4 ii. <titli¢,_lt, t.o <i('t,t:r_d_e
a_ a('_"_ll'al(' (i_m" of arrival.

'1'1_('til(('r('<l lra_si<}_<)Sl)l_(,ric signal:_ t'<)ra <l(,lt.a t'u_ct i(m a_(l a SNI:I ot' 1(111ar_' sl_own i_ Fignr(,s 1la

(1. I( is al)I)_r_,'_I Ilia h (1_(' si/,;_al is wasl_('_l (ml t)y t,h(' ('()_])i_a(i()_ <)f ionoSl)l_(,ric (lislmrsio_ ml(l nois(, ti)r

ali ()t'_t_, r_,('(,iv(,<l|r(,(lUe_lcy c()_p())_(,_rts, l;()r a SNII ()f 111,1)1)()lh(, tilt(,rerl transi(mosi)l_(,ric sigmd sl,a_Ms

,)_'i i}r()_)_i_J(,_lly al)()v(, ll_(, _()i.s(, a_(t Ims (1_(, apl)rol)riat.(, (l('lays fi)r ali r(!c(,iv(,rs (se(, l,'ig_r(,s 12a (1).

A ('_))_I>h')_('_lary s('I ()t"r('slll(.'-; fi)r (lit, s_H)('r-(la_L_sia._ I)_ls¢ , is (tisl)lay(,d i_ t"ig_re,s 13a <1, 14a d,

(l_'ir I"()_ri('r ._I,,('I ra. t"t)l' (,xa_l)h,. t l_(, l'('Sll]lS sh¢)w Ilia( for a SNI{ ()t"1()(1, ii, iN l)ossil)l(' in lhr' cast, of

_1_(,Sl_l>(,r-(l;t_ssi;t)l l)_is(' tr)i(h,nliI_' a ._ig_lal i_ l]_(' 7(1 Nlltz clm nnt'l (s(,(, I:igur_, 171)) I)_t. nt)t l)()ssit)le

i_l ttl(, c;ts(, _)t' Iii(, (hqta ttl_l_'titm. As st't,tt iri t:lgtlr(' .1[), tilt, s_i)t,r-(laussia_l pills(' has a l)(,ak in its

_l_'('t r_l a_ 7() !\lllz. "I'll(' _U_l)lit u(l(' ()f t his l)eak is great,(,r tlm.Ii lllat a.t til(, ()tiler challn(,1 frequell(,it,s

a)_(l is s_tti('i('_llv larg(, l()1)(' rt(,t ('ct ('(l al)()v(' the n()is(', l"_r Iii(, s_l)(,r-Gaussian t)_ls(, al_(t a SN/I of

lt)Al(l() (I:i_r(,s l,Sa (1) w(, ti_(l Ileal ()lily 11_('.1()a_(l 7()hlllz ('}_ann(,ls ha,v(' ,signals sufficiently at)()ve

t}_(, l,(_is(, I()1)(, t_(':_s,_r(,(t, wh_,r(,a._ signals iii ;til ('lla,Illl(,ls ;irt! <l('t(,ctal_h, fi)r rh(, (h!lia fllllCI, i()ll (,",;('(,

}:i_l_r('.'-.;12a (I). 'l}i('.'.<('r('sl).lt,'-;i_¢li¢'al(' tlla( f()r _al'r(),,vl)a)_(l syst(,_L,-;. !..;iN)lal<I,"t(!('ti()ll r(,]it's si r()llgly (.)I_

:-)..i)_,li('i())).s¢'I_(.)i('(,(.)f fr('(1)_(')i('y (:'lla_i)i(,ls.

"I'll(, (,ss(,)_li;_l a>;I)('('Is ()f sig)_al (h,i(,('(i())_ (]i;),( at(' r(,l(,\'a)_l (() i(h,))i.ilicali())i ()I' i_)_l)(.)r(a)_t Sl)('ctral

l('a(_r('._ i)_ ii)(, ra(li;_((,,<l I)()I._(' a)(' sl)_)_))ariz,,(l i)) a s('ri(,s (.)f l)h)(."; tidal sh()w II)(' r('('('iv(,d l)()v,,,(,r in (l)('

v;_ri()_(s ('li_)_)<,ls _,I()))_ will) li,(, i)_l)_)( l)_)Is(, Sl)(,(.tr_)_). 'I'I)(, r(,s_llts ;).r(, sl)(),,vn i_) ]"ig_)r('s 19;). f f()r t.}_('

(l(,lla i)_)_('(i())_ a)i(l ["i_lir(,s '2();_ f f()r _1)(, S_l)(,r-C,a_)ssia)) I'_).)_cti()_). I)). ).I_(' ('as(, ()f i)ili_it,(' c()l_(,r(,))c(,

l);_J_(lv,,i(ltl_ a)i(l SN/'{ (l:i,(.t_)r(,s" I!);)_a))_I 2()a). %,,,(,.,..;(,,r,)I_;_, If)(, r(,('(,iv(,(l i)(),,v(,r i)) all 11)(, (:l)a))))_,Is Ii(,,,.;()))

),,I) ,,! tj),' i_)I)_t I)_}.'..,(,Sl)('("Ir_t). 'Il),r, (,II(,('t ()f ;t li))i((' ('(.)I_('r('))<'(,l)a_),-l,,vi(Ii]) (l:ig,'_r(,s 191) (I a.)_(l 20}) _I)

i_ I() i)))r,)(]_('(, ra),(l()))) i])_('I_ali())is i_i If)(, )))(';_:..;'()r('(l._I.)(,('I)'_))). S())_(' ('])a_)_(']s (,xl)(,ri(,)_('(, ,")II_a)_('('(l

I )()',','('r (';_.'-,('(I I)%""'.,,l)(,('_ral i_)('_).'-,i_)_'"w_iI(, ()II)(,rs .s})(),,,,,."r(,(l_("(','I I)()w(,r r,"s)_Iti)_I4 I'r(.)))_a (h'I'(.)('_)si))g ()f



the _i_naliiit.lm,t,cha,nnd, Tho eft'oct,of xloise(Figure_l!)t'f mi_l2(I_,f) i_t,o<_l._c.uret,li_,_igilaliii

solnc channels z'clat;ive t,t) others.

These results il]ust, rat,e the diii(cn]tries Clmount,ered in nie_surixig siglm] cllaract,erist.i("-' iii the l_rt's-

ence of ionospheric tlispersioll, scat.t.erilig, and (_]a.ussia.nwhite noise. The nmgl_it,_l(h, of t.hesv etl't'('t,s

_iepends st.rongly on _he vMuo of TIll(',, F,.,,h. a..nt] SNR, _l.ll(] ii, is ilup<_rt:ant, t,_ lmvc a go,ht i,st,iximtx' or

nieaslirenmnt. (prefi, rai)ly in situ) for these l)a, ra,nlot, ol'S. Ii: is aplm.rent, t,lmt, liarrowlmll_l s,,'st,_,l,is s_lfii,r

from the achiit,ional prol)h:,xn of noL knowing the o]_l,illnllil charism fl'etlllmicii's ¢1,p'rio'rt for n.rl)it.x'ar 5'

pulse shapes. Broacllmnd systems t,ha.t, cover the entire VHF range froin 3() t,o 3()() l_IHz;ir_, far sltl_l,z'ior

for the task of signal reconst,ruct, ion.

C. Signal Processing

Tho (iefa_llt. ilelta-flmctioxl a.long with a, widcba.xM tilt;ct cha.racterize(l I_y a ctqit;/';d fi'i'(l_lt'zl¢,y _t'

130 Mttz aral a, F'WItM of ,:1()Mtlz were use_l t_s input Lo tilt, qua.dra.l,ure _Ul([ S¢lUa.re-law (tel.ect,it,ll

sulltm_ks. Tl_e a.bsolut, e magniLude of t,lie tilt,ert, rtmstbr fllnct, ion is shown in Iqgure 21 wliilc t,lie res_lt.s

R_r quadrature der, ect(on and square-law detection are shown in Figures 22a. tl a.n(i 23, reSl)ect.ivoly. 'Fire

I and Q comI._Onent.s and the phase of the received signal show the effect of the local oscillat, or (cl_ose_

t.o tm 130 _lHz). As l,he signal chirps l.hrougti l,ho 130 MHz filter t'rcquency, t,he relsttiw, ]lea.l.,i_lg ()t' t,h(,

signal a_M the loca.l oscilln.t.or tirst decreases an(1 then increases with l,izne, as is evident: i_ Fig_lrt's 22a,, 11,

anti d. The minor (liffercnces l_etween t.he t,ransionosl._heric signal obtMs_ecl wit, h Sq_la.re-la.w (l(3l;ecl,ion

aral the a,_nplit, ulh' (F'igure 22c) ol_t.ained wit;h qua.(lr_t,t,ure det,cctioz_ art, associa.t,e{l wit, h the fact, tlm.l;

the _h,t'aull. 1() MI-|z low-pass fill;ct was used for squn.re-law (hq.ection wliile the r_ceiver tilt,cq' ]_a.s a.
40 Ml|z I?WHM.

I-{esult.s for the TOA algorithn_ls were gOlltWSl,|,(!(] ftll' the litq'_ml(: (ll_ll.t_ t'uxicl,ion a._[ (,w_l filters,

ntunoly, a wid.elmn_l filtt'r ft'ohi li)() ,1()(1 M I{z mM a na rrciwl_ml(i tilt,ct wit,l_ a, cez_t.rM t'retl_U'ncy <_t'

7(1 _,lt-lz a_ld a lm;_<lwi(ith <ff(J MHz. 'Fhc, lilt;ct (,transfer t'unct.ions art' sl_<lwz_izl lqg_lres 2.:la. ;_x_(l1_.

Tlirt'e cases, corresl_O_Ming t.o (1) i_ti_it._, cohort,nov Imndwi(ith m_(l 70 til3 SNI/., (2) iz_ti_i(,<'c(d_(wc_t(:c,

]lan(lwi(lth an(l 30 (t1!3SNI{, aral (3) 10 lklllz colic'rr, liCe.,tm.ntlwi_ll.h a,ml 70 di3 SNR, wcrc run t'llr (,m,h

T()A alg,._rit.hm an_l receiver. Tile t,ra.nsionospheric signal tilt each case is shown in ["igur_'s 25_t c.

The r{'s_lts ilsing th(, FlklTOA t:cchnitlut, art, shown in Figures 9(Ja c anti 27a. c fin' the wi_hqm.n(l a.ml

llazrowltazid tilters,/'eSll(,ct.ively. 'Flit, T()A ,,_}_tai/lc(l for any give/_ flit, ct is mea.s_/'l'_l rclatiw, t,o 1.1_:,zero

i.imc in ._lr (nit.(al l,iine wi_l(hlw anal (herr,titre c¢lrrt.,spon(ls t;o a signal (hqa.y lflUs stm_e (h,ln 3, cause_l I)y

l.he tilter ,qmract_cristics. In t.h(, case of (.ht, na,rrowlm.nit tilter, l,h(' FIklT()A i.echni{I,u' m:rivt's at. n 'F()A

of ,1.469 t,s, which eq_lals th(' signal (h,la.y l)l_ls _ non final tilt.tw (h'lay (_t' (1..1(i9 l_s (st,(, leig_trt , 26st). Tills

r(,s_lll, wo_fl(l i_ gexmra111_, in(h,pt,ntl(,_lt of 'FI!3C l)rovi(It,d lh_, FM'I'()A l,t,cl_z_itl_l(,co_lll)lq_sa.l.(,s a{:_'_lral,i!ly

t'(w ill(' ionosl)h(,ric (h,la3's. F_I' l,hc t)r_m(llm._(l till.(,r, l.ll(' FMT()A Ix,ch_liq_l(, yiel(ls a 'I'()A _'_t_ml 1(i t,l_('

signal (h,lay to a_ i-tC"Clll'_l('y()[ ()Iii:' llSt.ll().";t_(,()ll(l(Si'(' l"ig_u't' 27a). Thf I'tl'l'ct, of a ,";Nii _t' 1,()(1() is sl_t)Wll

i_ Figur(,s 2(51)aral 271). In Iiotl_ ('ast,s, l,tw I:NIT()A t.t'cl_ii(lue fails (:l_ll_t)h,l(,ly. 'I']iis l'(,s_llt ill,Isr.ra.it's

tile st,z'(l_g (,If'ect. of disl_'rsi_;_ o_ t.lil, zl_vasur_,_l SNI{ at. t.li/, r_'cviver a.I_t tmr ;-ll)ilit,y t,o z_l(,as_u'c t]_' T()A

with flits t,echxliqut,. ICiera colieri,nc(, Imn(lwititl_ iif 1() IklHz we ti_l(l t,lmt l,]le _al'r(_wlm_Lii clm_l_l'l _akt,s

a l()2-z_s i,rr_x" in thf ¢I'(1)A while, i.l_t, with,lmxl(l (,han_,l _nk_,s n l,l.()-_s l,rror. ()_ t.ll(, lm.sis t_t" t';.,,_,

w_, (,Xl,U,_,( l]_, rlns ,jitt.('r in l,h(, arrival ti_l:, t.o I)l, a.Pl)r_)xiz_mt.(,ly 16 z_:_. l;)_x' t.t_is ll_u'ticxxlar r<'alizati(_,

wt' lind t.lml.. (,ht' nal'rowlmxM clmnl_d sl_lws a largvr _,rr_r l,ha.z_C,XllC't'l.i'c[wliih, t.l_t, v¢i(l(,I)a_l([ ('lmziit_'l

tinit._' sa_llli_g, tt_(, leJklT()A t.(,chni_l_U, Ims (liftic_lly _n('as_l_'i_g t.]l_' (_s_'i]]at.i_m ii_'ri(_l ;it. ;_3" i_st.ax_l i_
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girlie (as evi_h'nce<l l_y t,lw large reln.tive vm'int,ion in period conlpa, re_l to the nm'rowl),mci cha, mwl) ]ml-,

new,rtheh,s_,: measures t.he chirp r_t,e nlorc ac.mlrat,cly ]_eca.use <)t'the 1)roack, r lmndwictt, ll.

R,esult,s for the lea<ling-edge _malysis are shown in Figures 28_ c trod 29a c. Two basic conclusions

can ])e _lrawn f'r<_lil this exercise. First,, we filtd t,lm.t, the 1)toa{lira.nal me_tsurclnents yield a gre_t;er

SNR. alld lasl,ew rise tinles on l.|m leadiItg cclge t,lmn the na.rrowlm.n_l lneasureh'lelll;s. As a result,

tile wichq,ail_l T()A (lcl.ermi_mtions _tre move ccmsisl-,¢.,nt, and accurat,c for ali cases. Second, becuatse

Gallssiml v¢llil.c noise int.rocllwes llldt'Orlll phase' mixing, l,echniques t,hal. rely on phase int'_rm_ttion

(¢,.g., zero-crossing _lmasurclnenl;s in the FMTOA alg{withm) are at a disadwml, age relat.iw; to wi(h'ba.nd

mnl)lit_dc lllO_t.Slll'Olll¢.qll,s, l)rovide_l a vea,soual_le SNR is achiew_{l. Indeed, the le_uling-edge t,echnique

l)_-'rt'_r_s ])el:ter wi h tile wi{[elmml receiww t]mn l_he FhlTOA a.lgoritl_m in these ex_-unl)les.

The output, of tl_c cross-com,la.t:ion a,nalysis i_wludes both a DTOA a,mt a, TEC estinm, te t,h_.tt, is

_leviw'd frol|l e_lm_t.ion (i6). The results are shown iii Figures 30ac. This technique yields DTOAs

tlm t ave accurat._' to witlli_ 15 ns i_ the In'esence of ])oth noise trod sc_ttering and t,hus perforn_s

])etl.ev thm_ eit h{!r tlm FI_ITOA or lea._ling-e_lge _dgorit, hn_s for the cases consi¢lercd. T]_c TEC esl,inmte

is a.l_l)roxi_i_att, ly 30% higher than the act._ml input, vtdue; however, l:he a.ccm'_tcy c_.m be improved

sig_ificant.ly 15' _:i)_st.r_u:t.ing a look-up ta.l)le for TE(.: as a function of DTOA.

D. DTOA Study

Tt_v _h,fa._lt del_a t'm_ct,ion and l wo G_ussian filters wil;h centra,1 t'req_mncies of 150 MHz a,nd

50 I_lllz an{l }m_dwidths of 6 I_IHz were used as input t,o the [)TOA st,u(/y. The leading-edge, time-

t aggi_lg algovittlxn was invoked lo (_l)tain T()As for each channel ow,r a, r_mge of TECs from 0.1 t,o

1(1 :_, 1()l:' ('iii 2. Tile I'{,s_ll,s, shown i_l Fig_lr(, 31, ilhlsl:rate solne of t;he limital:ions of TIPC. We

s_,_, th;.tt l.ll_, l)h_t is ('hnv_wlcrizl,d l)y twl) sta'aight, lilies of dif|'twellt slope with l;he i_reak occurring _tt

a 'I'E(' _t' al_lWoxi_llat_'ly .l.5 × 1()_a cm -2. Because the DTOA is proi)ort, iomd to TEC, ideally one

{,xpl,¢,ts 1.oi_]_tniii a ;.dnglc st r_tig]_l, lilu,. 'I'he _liscrelm_lcy res_flts ft'ohi the fact; tlm, t, the dispt,rsion across

tile 5{) _l]-{z filter bccolll_,s c¢_lnlmra])le to t,lie 10-tts win¢iow a._ld signific_tnt, a.liasing occurs for TECs

:72,_× 1(1_:_c_n". Tills r_,s_dt, l_,;,_ts Io vrrom,ous v_l_ws for tl_e TOA of t,lw 50 MHz chamlel. The user

_'an },ylmsS I his l)rol)le_n ])y selecting a larger Saml)ling time, thereby increasing t_he size of t,h¢; window.

The tr_uh,_ff is l.}l_ll, tilt, lllttXillllllll fre_lUency (Nyquist frequency) t;ha.t, can l)e treated is reduced. The

usvr should[ take can, t,_ select, an approl_riat, e range of TECs.

Tllis task will gcn{wat, e, tLr any SlWcili,'_l set of receiw_l'S, a look-_q) tal)h.' that; allows l,he user

t.o _lct(,rmine a TEC fiw any given meas_n'en_cnt: of I)TOA. This analysis rcpresent;s the firsl; st;ep in

r_,m_;ving icn_OSl)l_cric _,I-t'_,(:'tsfl'¢__ lh(_ received signal.

E. DTOA Uncertainty Study
r

'I'll<' _h't'a_dl _lell.a ['_nctio_ an{[ tire lw_) (la_tssia.n filters Sl)¢'cified for t,he I)TOA st,udy were use<t as

i_l)_l 1.<_l l_{, I)T()A _c_,rl,_i_l.y sl;_{ly. 'l'hc TE(' was fixed at 1 × 1()_a cln -2 _m¢l Gaussian white noise

w_t.s;_hh,_l l<_ I]_, i_l)_l_ signal. '1']_¢,res_lti_lg filtered t,ra._tsi{_osplleric sigmtl wa.s l,i_le-t,_-_gge{[ with l,he

l,,:t_[i_t/z-{,<lg_,algCwitl_ f<n"sig_ml-l<_-_toisv ra.t,i_s ravaging ['r¢_ 102 l,o 105 (see gqs. (7'), (8), and (9) for

l_si_g 2,5 n,_diz;_li_ls {_t'_,ach SNI{ "I'tl_, n,s_lt:s _r_, shown in I'_ig_H'cs 32a and b. Note the ral)i{l re_lucl, ion

i_l l_,;t'_n'_;._c_, 1)_'h_w a SNR _f l_}'_ (se_, t'_igur¢ , 321_). A sil_lil;u' st._dy was _mlcrt, aken t'¢)r c_herenc_,

I_;t_,lwi_/ll_s t'a_gi_g t'rcmi I to 2() ,_lllz. ']'1_{,r_,s_lt,s nrc sl_¢)w_ in l'_ig_n's 33a, and 1_. Th_, magnitude;



of the DTOA uncertailltivs over the range col:sich,re(l are sIlmlh,r t_y ali (_r(l,,r {_t'llmgllit,lute l,lulll those

obtaine(l in the case of noi:_e, sllggest.ing thal. scatterillg of the EI_II ) by ionosl)heri(' irrc.gularitic,s is less

(lisrul)tive. Note t.lle rat)i(l (teterioralion in l)erfornlalWe t)eh)w a collereIlce lmn(lwi(ll, h c_['1(} l_lHz. As

F',,,,i, approaches the tilter lmn(lwi(lth, amplit.ucle vaYiatiolls a.re intro(tu(:e(l to t,lu' lea.(ling-e(tg(, of l.ll(,

reeeive(l signal, remllt.ing in a,(hlil.ional lmcertaitlt.ies ill titlie-t.aggiilg.

VI. FUTURE ENHANCEMENTS

TIPC. rvl)res('llts a powerful tool for exl)loring ilnl)()rta.nt asi)eels of transionosl)ll('ric l)rOt)a.gat.ioll,

the detection of Fllp siglmls following l)ropagation a.ml signal mm.lysis ()t' lmlse waw,t'ornls, qT'lle co(h, wa,s

(te signed t() })e versatile ellough 1),,lh to a(l(h'(!ss g(,nera.1 (luestiolls regar(ti_g the_ effects of ionos!)lmri('

l)rOlmgation o_ receive(t sig_mls an(t to sit,relate actual receiver syste_ns a.n(l tl_eir n.was_n'e_e_ts ¢)t'

transionOsl)herjc signals. As such, TI1)C is both an e(lucat.io_tl tool a._(l a._, a.1)l)licatio_s co(le. Fut:_r('

enham'ements to 'FIPC will I)e in tl_e area ()t' i_q)_lt./outl)U.t (the (.)_l,l)_t is l)ri_arily i_ tt_e t'()r_l _t'

graphics a.t present) and i_ the development ot" a reconsl, r_:ction a.lgoritlm_.

Tile oUl.l)Ut of fill.tire v(.u'sions of TIPC will i_lcl_ule text files with relevant resull.s froln {!acll (_t'

the tasks and sut)tasks s(,lected 1)y the user. A log file c(mta.i_ting a listi_g of tl,e input lm.ra_l_eters

and a history of tl_e exemption of wtrious tasks an(l associa.ted r(,sults will I)e creal,e(l. In a(l(litio_,

the _ser will I)(! given the option ()t' writing out the t.ransio_l()spheric signal..liltere(I tra_sio_()sl)ll{_ric

sig_mls, res_lts t'ronl quadrature (leteciio_l a_(l sqtmre-law (h, tection, and l al)les of DT()A vs. TEC

(ol)taine(l from the DT()A St.u_ly task) for specifie(l filter l)airs. '.['he _ls(,r will also 1)(! give_t tlm Ol)lli()_

of sI)ecifyi_g a transionosl)heric signal or a set ()t' tiltc, re(l tra_sionosl)horic sig_aals i_ tal)_,_.lar t'()r_l_. 1_

this way Ill(.' sig_ml-I)rocessing algoritlm_s (levelol)e(l for 'l'lP(.: cm_ t)(, al)l)tie(l to _eas_lre_(!_ts aral, for

exan_l_,h:,, a. TE(? can I)e estinm..te(1 with th_, I)T()A algoril.l_n_s for the specified (l_tta.. Finally, a Sig_a,l

Reconslr_cl.i(m task will I)e croate(l. Tills task will l_v(, two ()i)tions: Inverse Fill.er a_(l C()rrela.l,io_

A_mlysis. 'I'l_e first ()l)ti()ll will cr(!at(' _l,l| illV('l'S(' tilt('r for t.ll(' io_ost)here l.)as(,(l o)_ a 'l'li;C (,sl,illla.t('

ol)laine(l fronl the Signal Proc(',_sing task, create the inverse filters for lh(' Sl)ceilled set of receivers, a.n(1

apply these filters t.o the specifie(l filtere(l t:ransionospheric signal to oi)rain an est, illl_tt(' of lh(' initial

signal. The secon(l option will perform a. cross-(,orrcla.ti(m ])et.wee_ a. set of calculate(/ or Sl)ecifi_'(t

iilt.erc(l t ransionospheric sig_mls an(l a corresl)on(ling set (rea(l iii fi'o_n a Slwcitfi,(l iext tih,) ()l)l,a.i_e_t

tbr a known inl)_t signai. I)elnm(ling on the a_nl)lit.mte of the cross-corr(,latiotl, I1_(_!_s(,r ca_l _h,t_,r_i_ill(,

whether or not the known inl)_t sig_m.1 is a viable ca n( li(lat,e for tl_e sI)('('iti('_l m(_as_re_('nts.
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APPENDIX A. Flow Chart Tree
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Figure 2 Flow diagram for TIPC.
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of I × I() l:_ cm -_, F,.,,h = c,,o, and a SNR = 100, respectively. (i)-(j)Temporal plot of the noisy

default delta function with an SNR = 10,()00 and the corresponding transionospheric signal for a TI'C

of 1 × 10 ]:_ cm -'_, F,.,,t, = <x.,,and an SNR = 10,000, respectively.
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numerical noise (70 dB), and l'],,,h = _,, 20, 10, and I MHz, respectively. (g)-(h) Temporal plot of

the noisy default della function with an SNR = 100 and the corresponding transionospheric signal Ibr

a TEC of I x 10 l:_ cm -_, F,.,,h = _, and an SNR = 100, respectively. (i)-(j) Temporal plot of the

noisy default delta function with an SNR = 10,00()and the corresponding transionospheric signal lhr
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Figures 5a-d (a)--(d) "l'ransnlission proliles for four (kuissian liliers with 2-Mllx handwidlhs (FWIlM) and central

frequencies of 4(), 7(), 150, and 250 MHz, rcspcc'livcly.
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Fil_ures 6a-d (a)-(d) In_pul.scresp¢msefunctions lc_r l¢_ur(iaussian fillers with 2-MIIz handwidth,s (FWIIM) _md

cenlral frequencies of 40, 70, 150, and 25_)MIIz, respectively. Each filler has a buill in lime delay
equal Io appr,_._imalel.v2.12 HS.
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Figures 7a...--d (a)-(d) Fillered transionospheric signals ohlained for lhc defaull della function ,.,,'iii] lhc four Gaussian

filters shown in Figures 5a-al. respectively. A TEC of I × l()':{ cm e /",,,n, = 'x:, and an SNR of
70 dB were assumed.
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Figures 8a-d (a)-(d) Fillcrcd lransionosphcricsignals_htaJncdfor lhc dcfaull della funclion with the four Gaussian
fillers shown in Figures5a-d, respcclively, A TF.Cof I × I()m:_cre =',l'_,.,n,= 20 Mllz, and anSNR
of 70 dB were assumed.
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Figures 9a...-d (a)-(d) Filtered Iransionospheric signals obtained for the default delta fulmtion wilh lhc four Gaussian

lillers shown in Figures 5a-d, respectively. A TEC of I × 10 la cm ", t;;.,n, = I() MHz, and an SNR

of 70 dB were assurned.
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Figures 10a-d (a)-(d) Filtered lransionospheric signals obtained For the defaull delta l'unclio:'_ wilh the four Gaussian

fillers shown in Figures 5a-d, respectively. A TEE of I × I0 ]:_cm =', I_',,,_,= I MHz, and an SNR
of70 dB were a.,,sumed.
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Figure ! la Figure I Ib

Figure I ic Figure lid

Figures ! la-d (a) (d) Filtered mmsionospheric signals oblained for the defaull delta function will_ the four Gaussian

fillers .shown in Figures 5a-_t, rcspcclively. A TI-:.(' of I :,: I() _:_cm ", /",,a, = "×, and an SNR of

I(X) weft: assumed.
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Figure 12a Figure 12b

Figures 12a-d (a)-(d) Filtered Iransionospheric signals obtained for the default delta function with the four Gaussian
fillers shown in Figures 5a--d, respectively. A TEC of I x I()_:{cm '. I",,,._,= ,%.,and an SNR of
IO,(XX)were assumed.
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Figures 13a-d (a}-(d) Filtered transionospheric si#nals ohtaincd for tile default ,super-Gaussian pulse wilh lhc four
Gaussian lilters shown in Figures 5a-d, respectively. A TEC of I × 1()j:_ cre ", b',.,,i, = :x.,, and an
SNR of 70 dB wcrc as._urncd.
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Figures 14a-d (a)-(d) Filteredtransionosphericsignalsobtainedfor the default super-Gaussianpulse with the four
Gaussian Iilters shown in Figures 5a-d, respectively, A TEC of 1 x 1()l:_ cre-=', F'I.,,_,= 20 Mtlz,
and an SNR of 70 dB were assumed.
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Figures 15a--d (a)-(d) Filtered tran._i(_m)sphcric signals obtained for the dcfaull SUl3cr-(;aussian pulse with lhc four

(laussian filters shown in Figures 5a--d, respectively. A TI_C of I × I() _:_cre"", l",,n, = I() Mllz,
and an SNR of 70 cii] were assumed.
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Figures 16a-d (a)-(d) Filtered iransionosl)horic signals ohiained l'_r tht_ di'fau]l si.i[)_r-(laLlssiall pulse with the f(lur
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Figures 17a-d (a)--(d) Filtered transitmosf)heric signals (ff)tained l'or the det'ault super-(lat,ssian pulse with the four

Gaussian filters shown in l:igurc,s 5a.---d,respectively, A 'I'EC ()f I × I() _:+cln ,z, /;',..h = ×., and an
SNR ()f 10(I were assumed.
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Figures 18a-d (aY.-(d) Filtered lransionospheric signals obtained for the defaull super-(iausxian pulse with lhc four

Gaussian filters shown in Figures 5a-d, respectively. A "I'F.C o1'1 x 10 j:_ cm =', t",.,n, = ,-x.,, and an

SNR of I(),(100 were ilxStlllle(l.
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Figures 19a-f Received power in the four Gaussian tilters shown in Figures 5a-d for the default delta t'unction.

The solid curve is a plot oi" the FFT of Lhc input pulse while the l)eak values of the dashed curves

represent the magnit_._de of the received power in tile respective channels. (a) Results for a TEC
of I ;.( I0 _:_cre-:' F,.,,;, = ox.,,and SNR of 70 dB. (b)-(d) Results for a TEC of I × 1()_:_cm :a,, , ,,

an SNR of 7i.)dB, and t,',:,,;, of 21'), 10 and I MHz, respectively. (e)-(f) Results for a TEC of
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nBSIZILUTEVALUE - FILTER 1
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Figure 21 Transmission prolile for a wideband filler with a central frequency of 130 MHz and FWHM ¢)1"
40 Mtiz.
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Figures 22a-d Results of quadralure detection with the filler shown in Figure 21 and for the default della function

and an ionosphere with TEC = 1 x 1()_:_cm '2, F,,,j, = c'x_,,and SNR = 70 (IB, (a) In-phase compo-
nent (1), (b) Out-of-phase componen! (Q), (c) Amplitude and, (d) Phase of lillered transionospheric
signal,
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Figure 23 Results of square-law detection with the filler shown in Figure 21 and for the defauh delta funclion

and an ionosphere with TEC = I x I() I:_ cm --'2, F,,,,t, = oo, and SNR = 70 dB. The low-pass filler
used in Ibis exercise has a FWttM equal lo 10 Mttz.
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ABSQLUTEVALUE - FILTER I
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Figures 24a-b Filter transmission functions used in TOA analysis. (a) Wideband tilter with a FWHM of 3(X)MHz
and 50% transmission points at 100 and 400 MHz. (b) Narrowband Gaussian filter with a central
frequency of 70 MHz and FWHM of 6 MHz.
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Figure 25a

Figure 25b Figure 25c

Figures 25a--c Plots of transionosp.heric signals obtained for the default delta function, a TEC of 1 × 10n_' crn 'e
and three sets of parameters (a) infinite cohcrencc bandwidth and 70 dB SNR, (b) infinite cohercnce
bandwidth and 30 dB SNR, and (c) 1()MHz cohcrencc bandwidth and 7(1dB SNR.
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Figures 26a-c The period squared computed by the FMTOA algorithm plotted w_,time for the wideband filter
shown in Figure 2-la. The default delta function, a TEC of 1 × 1()_a crn-_ and the three sets of
parameters (a) infinite coherence bandwidth and 70 dB SNR, (b) infinite coherence bandwidth and
30 dB SNR, and (c) 10 MHz coherence bandwidth and 70 dB SNR, are assumed for the three
tigures, respectively,
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FREQUENCYMODULATION- FILTER 2
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Figures 27a-c The period squared computed by the FMTOA algorithrn plotted vs. time for the narrowband filter

shown in Figure 24b. The default delta function, a TEC of 1 x I()_3 cm -'_ and the three sets of

parameters (a) infinite coherence bandwidth and 70 dB SNR, (b) infinite coherence bandwidth and

30 dB SNR, and (c) 10 MHz coherence bandwidth and "10 dB SNR, are assumed for the

three figures, respectively.
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Figures 28a--c Plot of the envelol)e of the received signai used by the leading-edge technique t() time-tag the
arrival of the signal in the wMeband filter shown in l:igure 24a. The default delta function, a TEC

of l x I() la cm '_ and the Ihrec sets of parameters (a) inlinite coherence bandwidth and 70 dB SNR,
(b) infinite coherence bandwidth and 30 dB SNR, and (c) 1() MHz c()herence bandwidth and 70 dB

SNR, are assumed for the three figures, respectively.
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Figures 29a--c P!ot of the envelope of the received signal used by the leading-edge technique to time-tag the

arrival of lhc signal in the narrowband filler shown in Figure 24b. The default delta function, a TEC

of 1 x 10 _:_ cre- '2 and the three sets of pararneters (a) intinite coherence bandv,,idth and 7(1 dB SNR,

(b) infinite coherence bandwidth and 3() dB SNR, and (c} 10 MHz coherence bandwidth and 70 dB

SNR, are assumed for _he three figures, respectively.
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Figures 30a-.c Plots oi" the cross-correlations of the wideband and narrowband filters shown in Figures 24a and b as

a function of the temporal shift (t) between receivers. The defimlt delta function, a TEe of

1 x 10 _a cm -:a and the three sets of parameters(a) infinite coherence bandwidth and 70 dB SNR,

(b) iniinile coherence bandwidth and 30 dB 5.;NR, and (c) 10 MHz coherence bandwidth and 7() dB

SNR, are assumed for the three figures, respectively.
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Figure 31 Plot of DTOA, obtained with the leading-edge algorithm for two narrowband receivers with central

frequencies of 150 and 50 MHz and a FWHM ot"6 MHz vs. TEC for 25 values ranging from 0.1-
I() x 10 I:+cm +_, 'I'ht" default delta ['unctiun, l_.,,t, c>o, and SNR = 70 dB were used as input pa-

rameters.
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DTOA UNCERTAINTIES - MEANOVER 25 REALIIATIBNS
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Figure 32a-b Results of the DTOA uncertainty stud), for lwo narrowband receivers with central frequencies of
150 and 50 MHz and a FWHM of 6 MHz. Tl:e TEC was fixed at 1 × 1()13 cln -2 and Gaussian

white noise was added to the input signal. The resulting filtered transionospheric signal was time-

tagged with the leading-edge algorithm tbr SNRs ranging from 102 to 105. (a) Mean DTOA and

(b) standard deviation from the mean were calculated using 25 realizations of each SNR. The default

delta function and F, oh = _ were used as input parameters.
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Figure 33a-b Results of the DTOA uncertainty study fl)r two narrowband receivers with central frequencies of
150 and 50 MHz and a FWHM of 6 MHz. The "IEC was fixed al I × 1013 cm -2 and the effects

of ionospheric scattering were included. The resulting filtered transionospheric signal was time-tagged
with the leading-edge algorithm for F,:ol, ranging from I to 20 MHz. (a) Mean D'I'OA and rb)
standard deviation from the mean were calculated using 25 realizations of each /",,,h. The default

delta function and an SNR of 70 dB were used as input parameters.
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