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ABSTRACT

The Transionospheric Propagation Code is a computer program developed at Los
Alamos National Lab to perform certain tasks related to the d..lection of VHF signals
following propagation through the ionosphere. The code is written in Fortran 77, runs
interactively and was designed to be as machine independent as possible. A menu for-
mat in which the user is prompted to supply appropriate parameters for a given task
has been adopted for the input while the output is primarily in the form of graphics.
The user has the option of selectine ‘rom five basic tasks, namely (1) 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 o1 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 parametevized in terms of a frequency coherence band-
width is also available. In thr 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 narrowband Caussian filter. It is also possible to input a filter
response. The third task provides for quadrature detection, 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 cimes-of-arrival (DTOAs) vs. TECs for a specified pair
of receivers. In this way, a TEC can be determined 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 to outline the capabilities and limitations of a computer program
(TIPC) developed in the Atmospheric Sciences group at Los Alamos National Lab to perform certain
tasks related to the detection of VHF signals following propagation through the ionosphere. The input
to this code is menu driven, allowing many options for individual tasks. Once the input is specified the
task is executed and the relevant information is plotted both interactively and in a disk file (termed
metafile in the Los Alamos computing environment) that is stored and available for post processing,
Thus the relevant outpat in the present version of TIPC is primarily in the form of graphies. For each
run a parameter file containing the input data is created. This can be read in for future runs or printed
out for a record of TIPC runs. TIPC can also be executed in batch mode by means of command files
under the VAX VMS operating system. Although TIPC was originally designed to operate on a VAX,
it can easily be converted to run on other systems and more generice routines have been incorporated
to facilitate this process.

Many of the algorithms used in TIPC cither were written specifically to address a particular aspect
of RF propagat.ioh or are generic routines extracted from the Common Los Alamos Mathematical
Software (CLAMS) library or available through standard math libraries (e.g., IMSL). In addition two
computer codes written at other institutions, namely CIRF (Wittwer, Defense Nuclear Agency) and
IRI (Rawer et al., 1978a and b; Bilitza, 1986: Rawer and Bradley, 1987) were incorporated into TIPC.
A brief discussion of these codes along with appropriate references are included in this report. More
recently CIRE has been replaced with a more efficient algorithm that reduces the computing time
significantly. The graphics package initially used in TIPC, DISSPLATY | has been replaced by more
readily available software developed at the National Center for Atmospheric Rescarch (NCAR graphics).
All of the coding in TIPC is standard Fortran-77. Since its initial relcase, a number of npgrades in the
user interface and in available tasks have been incorporated into the code by the Computer Rescarch
and Applications group at Los Alamos. Further planned enhancements are discussed below.

An outline of the tasks performed by TIPC is presented in Section I1. A brief discussion of the
physical processes inherent to transionospheric propagation of RF signals and the approximations
incorporated into TYPC are presented in Section 1J1. A brief statement outlining the tasks performed
by each subroutine in TIPC is given in Section 1V, while sample code runs with representative output
are presented in Section V. A discussion of planned enhancements to the code is given in Section V1.

II. PROGRAM OUTLINE

TIPC was designed to perform five basic tasks related to transionospheric propagation. the de-
tection of RE signals following propagation and signal analysis of pulse waveforins, namely (1) tran-
sionospheric propagation. (2) signal filtering. (3) signal processing, (1) DTOA study, and (5) DTOA
nncertainty study. Task two utilizes the output of one while task three uses the output of both one
and two. and tasks four and five independently use the outputs of tasks one, two. and three. Several
supporting caleulations that allow the code to treat a broad range of problems of interest are performed
under cach of these tasks. A detailed deseription of cachi is presented below.

TIPC assumes that all input times are specified in microseconds and that the corresponding fre-
quencey information is given in MHz. In addition. the propagating electromagnetic field is defined in
terms of its electrie field component in units of volts/meter. The Fourier transform of the signal has




units of volts/meter - NHz. The output. of course. follows the same convention. Array sizes are fixed
in a set of common blocks, Complex arrays with dimension 10.001 points are used to store information
in the frequency domain while real arrays of the same dimension are used for corresponding data in
the time domain. The restricted size of these arrays leads to inherent limitations on the problems that
can be addressed by TIPC. These will be discussed below and in the following section. The default
time resolution At is taken to be 0.001 s with a Nyquist frequency of 500 MHz. This choice provides
a framework in which TIPC can address a broad range of problemns of interest and at the same time
maintain reasonahle execution times.

A. Transionospheric Propagation

In this section of the code a convolution of a specified signal with the impulse response function
of the ionosphere is performed to obtain the transionospheric signal. This is accomplished by taking
the fast Fourier transform (FFT) of the input signal, multiplying against the transter function of the
ionosphere (defined in the following section). and taking the inverse transform of the product to yield
the transionospheric signal. Thus, we have

Eri(t) = (1/2n) / E(W)H (w)expliwt)dw . (1)

where E7; is the transionospheric signal. E(w) is the Fourier transform of the input signal £ (1), and
Hy is the transfer function of the ionosphere. Equation (1) is evaluated numerically by means of an
inverse FFT.

Clearly. the first step in this process is the specification of an input signal. The code provides for a
number of optional forms, including (1) Delta function. This function is created in the time domain
by assigning an amplitude equal to 1/A¢ (V/m), where At is the specified time step for the problem, at
a single point. The resulting FFT has a flat spectrum with amplitude unity (V/m - NMHz). In general
it is possible to specify an input pulse that consists of many delta functions separated by specified
amounts in time. The default case is a single delta function placed at t+ = 4,000A¢. This functional
form is the simplest representation of an impulsive signal that can be used to elucidate the effects of
transionospheric propagation on RF signals. It can also bhe used to chieck the acenracy of the muncerical
results by comparing against analytic forms for the impulse response funetion of the ionosphere. (2)
Double exponential function. This form has been adopted as a standard for representing nuclear
generated EMP and can be written analytically as

- By (exp[-C(t = tg)] ~ exp[=D(t — ty)]) )
E(t) = ((,."/D){ C/C- DY) ((‘/1,))% D/ D)y (2)

where E is the electric field strength in V/m: E,, is the maximum clectrie field ocewrring at ¢, =
to + In(C'/D)/(C' = D)t > to, where tq is the starting time for the pulse; ¢ < Dy and 1/(D + ) is the
rise time of the pulse and 1/C the decay time. The default parameters used in {1PC are ¢ = 80 Mz,
D = 100 MHz. E., = 500 V/m. and #, = 0.5 ps. (3) Super Gaussian function. This functional
form can be used to model symmetric pulses with flat tops and fast rise and decay times, The analytic
representation is written:

E(t) = Eyexpl—|(1 - to)/AT]"] . (3)



where nis even and effectively defines the shape of the function. The higher values of n correspond
to flatter tops with faster rise and decay times. The code also allows for five reflections, with specified
delays and relative amplitudes, to be added to the direct signal. The default parameters for the direct
pulse are £, =1 V/m, tq = 0.03 ps. A7 = 0.004 ps and n = 4. Two reflection components are also
added. with parameters E, = 0.3 V/m to = 0.04 ps. Ar = 0.004 ps, n = 4, and E,, = -0.2 V/m,
to = 0.05 ps. At = 0.004 ps. n = 4. (4) Modified Gaussian function. This form has been used to
represent the EMT expected from a CPB device. The analytic form can be written:

E(t) = L.« sinb/[(1 - peost) R] . W

Lot =1 ! !
with T O explao (=17 T T+ exp [

and where 3 is the beam velocity divided by the speed of light. ¢ is the polar angle of the observer
off the beam axis. R is the direct distance from beam origin to observer in meters, Iy is the initial beam
current at exit in kA, 1, is the current 10% to 90% rise time in ps, ¢t is the enrrent 90% to 10% decay
time in ps. s the pulse width (FWHM) in ps, and ao has a tixed value of 4.4. The code also allows for
up to five reflections with specified delays and relative amplitudes to be added to the divect signal. The
defanlt parameters for this case are Ip = 10 kA, . = 0.01 ps, t; = 0.02 ps. t, = 0.05 ps, 6 = 90 degrees,
= 0.999. and B = 250.000 m. The default pulse does not include reflections. (5) Specified input
pulse  This option allows the user to designate an input file containing an arbitrary shaped pulse. The
first line of the file specifies the format in which the subsequent amplitude and time information will
be read (see the TIPC User's Manual for further details). The pulse is read in and interpolated onto
the appropriate grid.

As discussed in the following section. in the absence of birefringent effects introduced by the
geomagnetic field and to first order. the ionosphere can be specified in terms of the total electron
content (TEC, = [ n, ds) along the line of sight and its primary effect is to disperse the input signal in
time, i.e.. the ionosphere introduces a frequency-dependent delay in the arrival of different frequency
components.  These delays are sufficiently large relative to the duration of signals of interest that
the individual frequency components become resolvable in time, with the high frequencies arriving
first.  Near the cutoft frequency of the ionosphere (maximum plasma frequency), the time delays
rapidly approach infinity. This sets an absolute lower limit on the frequency that can be modeled
computationally. with a practical lower limit heing somewhat above cutoff depending on the particular
ionospheric model (ie., total clectron content). The user is therefore asked to specily a particular
frequency range of interest. When the time difference of arrival between the upper and lower frequencies
exceeds the length of the initial time window, the user is asked to supply a new value for the lower
frequency such that the entire frequency range fits into the time window (the minimum frequency
allowed by the time window is computed and displayed for the user). A filtering procedure is then
implemented in the frequency domain so as to avoid aliasing in the time domain. The filtering in
the frequency domain is accomplished with a functional form that is flat with amplitude unity over
most of the frequency range and falls off exponentially at both the high- and low-frequency ends
with two separate exponential forms that are forced to match at the 50% transmission point. This
functional form. shown in Figure 1. preserves the signal amplitude through most of the time domain
and minimizes ringing near the edges of the window. Clearly, there exists a tradeoff between the latter
cffect and aliasing. These problems can be avoided by introducing much larger arrays and versions of
TIPC with dimensions of 100,001 points have been written. Unfortunately, the cost in processing time
is significant [proportional to dimension - Log (dimension)).



TIPC also treats the birefringence of the ionosphere. In this case the user is asked to specify the
percent of extraordinary mode to be mixed in with the ordinary mode (0%. the default. corresponds to a
pure ordinary wave) in the transionospheric signal, and to identity the hemisphere in which propagation
will occur. ‘

In addition to a deterministic component associated with the mean vertical structure of the iono-
sphere and parameterized in terms of the total electron content, the impulse response function in
general also includes a statistical component produced by the large, random horizontal density gra-
dients observed in the ionosphere and parameterized in terms of a frequency cohierence handwidth.
The user is given the option of including this effect and asked to input a value tor the frequency co-
herence bandwidth of the ionosphere. Up to 25 redlizations of the impulse response function (IRF)
and corresponding transfer function are generated in the replacement algorithm for CIRFE. In the case
of transionospheric propagation, a single realization is selected and couvolved against the determinis-
tic response function to obtain the final transionospheric signal. This procedure can be represented
mathematically by simply redefining the ionospheric transfer function in equation (1) to be

H)(w) = Hp(w)Hg(w) . (6)

where Hp(w) is the deterministic part and Hg(w) is a single realization of the scattering part. hoth of
which are defined in the following section.

In addition to specifying the propagation channel, the user is also given the option of adding
Gaussian-distributed white noise to the input signal. The amplitude of the noise is determined from
the signal-to-noise ratio (SNR) specified by the user and the peak signal power, i.c.,

Py =FE./SNR | (7)

where E, is the signal peak amplitude and Py is the noise power (standard deviation ‘squared of
Gaussian distribution). The noise, however, is actually added to the signal in the frequency domain,
Thus, the noise spectrum is defined as

Ex(w)=mr+1ry (8)
where ry and rp are two independent random variables obtained for cach frequency value from a
Gaussian distribution with standard deviation squared given by

2

0% = EXTAL/SNR (9)

where 7" is the length of the time window and At is the sampling time interval, Ex is simply added
to the FFT of the input signal. the result multiplied by the transfer function of the ionosphere and an
inverse FFT performed [see equation (1)) to obtain the “noisy™ transionospheric signal.

TIPC also allows for “colored™ noise. In this case the noise amplitude (on) as a function of
frequency is defined by the user and read from a specitied input file. The input consists of a hicader
indicating the number of points and format of the data followed by a tabular list of frequencies in My,
RMS amplitudes of the noise in volts/meter - MHz and standard deviations of the noise amplitudes in
volts/meter - MHz (see the TIPC User’'s Manual for further information). The noise is then added to
the signal in the same way as outlined above for white noise. Clearly, the particular noise distribution
added to the input signal represents only one statistical realization that may or may not reflect the



mean properties of the Gaussian distribution. This procedure takes on meaning only when a series of
realizations of some measured quantity is obtained in order to characterize that quantity’s statistical
properties. This point will be discussed further in the section on DTOA uncertainties.

The final output of this task is the transionospheric signal over a time span that incorporates the
specified frequency range. In the presence of noise or scattering, the transionospheric signal represents
only one random 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 following: the input pulse, input pulse
spectrum, and the transionospheric signal,

B. Signal Filtering
Signal filtering in this context refers to a complex measurement of both the amplitude and phase of

the trausionospheric sighal over a specified bandwidth, The filtering process is simulated by convolving
a given filter response against the transionospheric signal, yielding for the filtered transionospheric

signal R
o
Eppri(t) = (1/27r)/ E(w)H;(w)Hr(w) expliwt)dw (10)
where Hp (w) is the transfer function of the filter. -

In the present version of TIPC the user is given the option of either specifying the filter transfer
function, i.c., amplitude and phase (or real and imaginary parts; see TIPC User’s Manual for details
of implementation) as a function of frequency, or selecting from two possible filter shapes, namely a
narrowband Gaussian filter parameterized in terms of its full width at half maximum (FWHM) and
central frequency or a broadband filter parameterized in terms of the upper and lower frequency values
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 wnit transmission over most of the bandwidth and a rapid decay in transmission (computed
in the same way as the rise). Up to some maximum (presently set to four, see the TIPC User’s Manual)
mmber of filters can be specified for any given run. The default parameters for this task are 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 number of plots can be
displayed.  The user can choose to have the filter profiles in the frequency domain and/or the filter
response to a unit impulse in the time domain plotted. Similarly the filtered transionospheric signal
can also be displayed in cither the frequency or the time domain or both. TIPC also gives the user
the option of plotting the power spectrum of the input pulse overlaid with the peak power measured
by cach of the receivers. The latter plot is particularly useful in indicating the utility of narrowband
amplitude measurements in estimating the power spectrum of the original signal.

C. Signal Processing

Two levels of signal processing are implemented in TIPC. The first offers the choice of performing
cither quadrature detection or square-law detection of the signal. Quadrature detection simply refers
to an algorithm that computes the in-phase (I) and 90° out-of-phase (Q) components of the filtered
signal and displays the results. Quite often this form of signal processing also requires beating the
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received signal against a local oscillator so that the signal can be digitized at a slower rate. The real,
90° phase shifted component P(t) of the filtered transionospheric signal is given by

P(t) = (i/2m) / ‘[Ep'rl(w)(‘xp(iw!) — Efr(w) exp(—iwt)]dw. (11)

0

The final I and Q components beat down by a local oscillator of frequency Fro are then

I(t) = Eppr(t)cos(2n Frot) — P(t) sin(2n Frot) (12)
and

Q(t) = Eppi(t)siu(2nEpot) + P(t) cos(2nFLot) . (13)

The code also computes the amplitude [= (1% + Q%)"?/y/2] and the phase [= tan ' (Q/1)] of the

iltered transionospheric signal.

For square-law detection the envelope of the received signal in any given channel is obtained by
squaring the signal and passing it through a low-pass filter whose bandwidth is specified by the user
and defaulted to 10 MHz. The shape of the low-pass filter is identical to that of the broadband filter
described in Section 11.B. Thus

Esi(t) = [(1/2m) / EJ(w)Hpp(w) expliwt)dw]'™ (1)

where E, (w) is the Fourier transform of the filtered transionospheric signal squared and Hpp (w) is
the transfer function of the low-pass filter.

The sccond level of signal processing incorporates three different algorithms designed to extract
the ionospheric TEC from the transionospheric signal. In general the TEC can be determined from
the chirp rate of the signal (FM technique) or by simply measuring the difference in the time of arrival
(TOA) of the signal at a minimum of two frequencies (AM technique). In the latter technique a
method for specifying an arrival time for the signal in a given channel must be adopted.  Although
many different’ methods have been proposed, we have chosen to work with an algorithm in which
the one-third and two-thirds amplitude (relative to the maximum) points on the leading edge of the
cnvelope of the filtered signal are time-tagged to obtain a slope from which a TOA is computed by
simple extrapolation to a zero-amplitude baseline. TIPC performs this calculation for cach channcl
given the output envelope computed by the square-law detection algorithm.  In the FM technique
initially developed at Los Alamos National Lab by R. Massey (unpublished), zero crossings of the
filtered transionospheric signal are used to determine the period as a function of time (chirp rate of the
signal) for each receiver. A corresponding TOA is obtained from the intercept of a straight-line fit to
the measured period squared vs. time. This TOA represents the time of arrival of an infinite frequency
component, i.c., the effects of the ionospnere are completely removed independent of the filter used.
The third algorithm is designed to yield a delta-time-of-arrival (DTOA) between any two receivers,
The output of square-law detection (signal envelope) for a given channel (i) is convolved against that of
another channel (j) to yield a cross-correlation amplitude [C, ()] as a ‘I'uuct,ion of the time separation

B

(1) between channels. Thus, we have
Ci(r) = / Esp i(OEsL  (t = 7)dl (15)

The time of the peak cross-correlation amplitude is computed and defined to be the DTOA for that

pair of receivers. This process is repeated for all possible pairs.



The final output of this task depends on the particular subtask selected. In the case of quadrature
filtering, four plots counsisting of the I-component, Q-component, amplitude, and phase of the tran-
sionospheric signal as a function of time are displayed for each channel. For square-law detection, the
envelope of the transionospheric signal is plotted as a function of time. The output of the FMTOA
subtask consists of plots of period squared vs. time for all receivers, while for the leading-edge TOA, a
plot of the envelope of the filtered transionospheric signal is displayed for each channel. For the cross-
correlation subtask. a plot of the cross-correlation function vs. the time separation between channels
is produced for cach pair of receivers.

D. DTOA Study

For this task the user is asked to specify a range of TECs over vhich to carry out a series of TOA
measurements, TIPC then automatically loops through the first three tasks, given the selected settings
for cach, and accumulates DTOAs for all possible pairs of channels. The user must of course specify
a TOA method (FMTOA or Leading-Edge) or the cross-correlation algorithm in signal processing to
generate the DTOAs. The DTOAs obtained with any of the selected methods are plotted vs. TEC for
all channel pairs. In this way the user can generate a look-up table that yields the actual TEC for a
given DTOA measurement for any combination of time-tagging algorithm and system of receivers, A
rough estimate of the TEC can be obtained from the DTOA directly, independent of the look-up table,
with the formula

TEC =2rDTOA/(/ff — P2/ f3) (16)
where TEC s in units of 10™ cm™2, DTOA is in ps, fi and fo are the central frequencies of the two
channels in MHz, and the 3's are defined as

Bz =8430 x 10'/(1 £ 0.8sin8, /f1.2) , (17)

where 6 is the angle hetween the wave propagation direction and the geomagnetic field. The FMTOA
method represents a special case because in principle the effects of the ionosphere are completely
removed for any individual channel. The DTOA should therefore be zero or equal to the difference in
receiver delays for any pair of channels. Deviations from these values are an indication of the errors
incurred by the particular system under study with the FMTOA technique. The final output of this
task is a plot of DTOA vs. TEC for cach pair of channels.

E. DTOA Uncertainty Study

This task allows the user to study the effect of Gaussian white noise or of a structured ionosphere
on the ability of a specified algorithm and system of receivers to determine the ionospheric TEC. The
user is asked to specify a range of signal-to-noise ratios or frequency coherence bandwidths over which
the study is to be performed. TIPC then loops through tasks one through three, accumulating DTOAs
for all pairs of receivers and for up to 25 realizations of cach of up to 5 SNRs or frequency coherence
bandwidths. The root-mean-square deviation from the mean for the DTOAs as well as the mean arce
computed and plotted vs. SNR or coherence bandwidth. In this way the user is able to estimmate a

I

specified system’s ability to determine TIEC under noisy or disturbed conditions.
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III. IONOSPHERIC MODEL

Among the effects associated with the propagation of electromagnetic waves through a plasma are
dispersion, reflection, refraction, absorption, and scattering. We discuss cach of these processes and
indicate which are treated in the TIPC ionospheric model.

A. Dispersion

The dispersion of an clectromagnetic pulse (EMP) incident on a plasma arises becanse vhe Adifferent
frequency components which make up the temporal structure of the pulse propagate at differens speeds
defined by the index of refraction of the plasma. The presence of the earth’s magnetic held also
makes the ionosphere a birefringent medium, separating an incident pulse into two modes (ordinary
and extraordinary, corresponding roughly to right-hand and left-hand polarization, respectively, in the
northern hemisphere). each propagating at a ditferent speed. For the ionosphere the index of refraction
is given by the Appleton-Hartree formula (see e.g., Rishbeth and Garriot, 1969; Davies, 1965), which in
the limit where the electron collision frequency is small compared to the frequencies of interest reduces

to ‘ ‘
21— X(I - X)
W T AT X S V2 £ VA (1= X2y

(18)

where X = w2/w* Y = wy/w. Yy = Ycosh, Y, = Ysing, and ¢ is the angle between the wave propaga-
tion direction and the geomagnetic field. The plus (mminus) sign in equation (18) corresponds to the
ordinary (extraordinary) mode. In the limit Y#/4 << (1 = X)?Y? (quasi-longitudinal approximation),
this equation further simplifies to

pr=1-X/(1+Y,) . (19)

Assuming that Y1 is small, the group velocity can be written

)

Vo=l - X/(1+Y)"* . (20)

As is evident from equations (18) (20). the net effect of dispersion is to introduce a time delay in
the arrival of a particular frequency component, of the incident pulse at the detector such that the high
frequencies arrive first.

The transionospheric signal can be obtained for arbitrary clectromagnetic pulses by convolving
the pulse time history against the impulse response function of the ionosphere. Alternatively, one
can multiply the Fourier transform of the pulse against the transfer function of the icnosphere. The
latter can be derived from the equations given above for the index of refraction. In the limit that the
quasi-longitudinal approximation applies and when X << 1, the transfer function of the deterministic
ionosphere can bhe written

Hp(w) = exp(i2ra/w) (21

where o = 8.430 x 10'TEC/(1+Y;"), TEC is the total clectron content along the propagation path
in units of 10" cm™*, v;* is taken to be 0.8sin0/f, and f is the frequency in MHz. Clearly, the choice
of 0.8sinf/f for Y;* assumes some weighted magnetic field strensth and angle between the propagation
vecetor and the magnetic field. The particular choice (f; = (0.8 MHz) is typical of midlatitude prop-
agation; however, because of the density weighting along the propagation path it is also possible to
derive a more accurate value that depends on the latitude and longitude of the source and the azimuth
and elevation angles of the receiver. The lLucter algorithm is not presently implemented in TIPC. The
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angle 8 can be determined from the magnetic dip angle at the altitude of peak ionospherice density and
the propagation direction.

B. Reflection

Reflection ocenrs for the frequency components of the incident pulse that are below the peak
plasma frequency. For a quiescent ionosphere, the plasma frequency generally falls hbelow 9 MHz, As a
result, frequency components at and below this value never arrive at a transionospheric receiver. Those
frequencies just above the plasma frequency are strongly dispersed and refracted by the ionosphere and
arc therefore difficult to measure and interpret. Because the ionospherie model incorporated into TIPC
assumes that the EMP frequencies of interest are much greater than the plasma frequency, and given
the limited time window used by the code, frequencies below approximately 26 MHz are not well
wodeled for an ionosphere with a peak plasma frequency of 9 MHz., TIPC accounts for reflection and
strong dispersion in effect by filtering out frequencies below that specified by the user. It is, therefore,
important to choose a lower frequency limit that is approximately three times the peak ionospheric
plasma frequency in order to obtain an acenrate transionospheric signal.

C. Refraction

Refraction is a process wherehy the direction of propagation of a wave front is altered as a result of a
change in the index of refraction of the medium. Refraction has the effect of increasing the path length
from source to receiver, thereby inereasing the TEC and the corresponding time delay. This effect,
however, is second order in the parameter X (= w2/w?) and is negligible at VHF frequencies, provided
the propagation vector is not at grazing incidence on the ionosphere. We note that the general concept
of refraction is applicable only in cases where geometrical optics accurately describes the propagation
of the electromagnetic wave., When scattering processes dominate, interference phenomena become
important and the dimple ideas of geometrical optics break down,

D. Absorption

Absorption of the incident pulse occurs when accelerated electrons transfer their energy to ions and
neutrals by collision. In the ambient ionosphere the collision time is large compared to the duration
of the EMP and absorption is negligible. In strategic environments, however, enhanced densities lead
to higher collision rates and correspondingly higher absorption. Although this effect is included in the
general Appleton-Hartree equation, it is not treated in TIPC.

E. Scattering

Scattering is the process by which the propagation path of different parts of an incident wave front
are redirected in random directions by the presence of local inhomogeneitios or electron-density per-
turbations. The net result is an interference phenomenon in which random variations in the amplitude
and phase of the incident wave, called scintillations, occur. Two important and distinet effects asso-
ciated with severe scintillations are spatial variations in signal strength, which appear as deep fades
to moving comnunications receivers, and temporal distortions in received signals of broad bandwidth
svstems, resulting from a mixing of different frequency components of the nndisturbed signal, The
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former effect has been studied extensively both experimentally with various communications systems
(Aarons, Whitney, and Allen, 1971; Unieki, Liu, and Yeh, 1977; Martin and Aarons, 1977; Fremouw
et al., 1978; Basu and Kelley. 1979; Basu et al., 1980; Livingston, 1980: Fremouw, Livingston, and
Miller, 1980; Rino and Owen, 1980; Whitney ¢t al., 1981 Rino ¢t al., 1981a and b; Johnson, 1981;
Basu et al.. 1983; Kelley et al.. 1985) and theoretically (Booker, Rateliffe, and Sherin, 1950; Tatarskii,
1971a or b: Budden, 1965; Salpeter, 1967; Lovelace et al., 1970; Barabanenkov ef wl., 1971 Rufenach,
1975a and b; Bahar and Agrawal, 1976) and is generally characterized in terms of the Sy scintillation
index, which is a measure of the root-mcan-square deviation in signai intensity.

The extent of temporal distortions resulting from propagation through a structured atmosphere has
been studied both theoretically and experimentally only in the last ten years (Rufenach, 1975a and b
Kuepp and Bogusch, 1979: Wittwer, 1979: Wittwer, 1980: Bogusceh ef al., 1981 Knepp, 1982) and is
generally characterized in terms of £, the frequeney coherence bandwidth of the medium. The impact
of scintillations on received signals is to introduce additional uncertainties in signal measurement and

tine-tagging hecause of reductions in SNR from fading and distortions in the temporal structure of

the signal. The magnitude of these effects is random and can only be characterized statistically. As a
result. one cannot compensate for them but must inelude them in assessing a system’s performance.
The theoretical treatment of the scattering of radio waves in the jonosphere proceeds from the
parabolic wave equation, which can be solved in its most general form by the use of multiple phase
sereen (MPS) techniques (see c.g.. Knepp, 1982). In the limit of strong scattering conditions, the
assumption of a quadratic phase structure function and the thin phase sereen approximation combine
to greatly simplify the anelysis. yielding an analytic solution for the two-position. two-frequency ntual
coherence function from which the impulse response function (IRE) can be derived. Physically the IRF
represents the signal that would he measured following propagation of a delta function (in time) radio
pulse through a thin phase sereen. When the IRF is convolved against the mean dispersive effects of the
ionosphere and against a given radio pulse, the resnlt is a particular signal realization that is associated
with the selected phase screen. Propagation through appropriately chosen phase sereens then yields a
statistical set of signal realizations from which the accuracies of TOA measurements, for example. can he
determined. In the limit of a thin phase sereen and assuming an isotropic distribution of irregularities,

it is possible to represent the average statistical outcome of a series of such experiments by means of

the power impulse response function (representing an average of many statistical realizations of the
IRF squared), which can be written (see Kuepp 1982, p. 175)

Gr(t) = Weon OXP {—(usw.‘,,;,i)z/;’} CexXp {(l - nfwm/.t)"’/'luf}
X Do (1~ dlweont)/ V200 ) (22)

Where weon = 21 Feon. (6 = wo/0uweon. wo is the central frequency of the pulse, o, is the standard
deviation of phase fluctuations as defined helow, and @, is the complementary crror function. ¢
is characterized by a mean time delay < 71 > = 1/weon and a width corresponding to a time delay
jitter of = (1 + 1/a¥)/wi,,. In this approximation the statistical properties of the phase sereens are
contained in the parameters o, and weon. These gnantities depend on the magnitude of electron-density
perturbations and their associated scale sizes in a manner defined below. A single statistical realization
of the scattered signal, on the other hand, is written
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where r (= (11 + ire)/v2) is a complex number whose veal () and imaginary (r2) parts are independent
Gaussian random variables with zero mean and unity variance. The scattering transfer function Hs
(w) for use in equations (6) and (1) is obtained by taking the Fourier transform of equation (23).

The phase sereens needed in the above analysis are generated from the known magnitude of electron-
density Hluctnations and their corresponding spectrum of scale sizes. Assuning the latter distribution
to be isotropic and a power law in k-space (k' in three dimensions). one can derive three important
propagation parameters in terms of the RMS electrou-density fluctuations (o, ). inner and outer scale
lengths (L, and Ly). and propagation distances (z,  transmitter to phase sereen: o receiver to phase
screen ). nanely

T = (2],,[.(;)1"”“ AoOn, . (243

2 Lol 4 2)
(¢ = e . 25
¢ [n(La/Li)zi 7o) (25)

and
A Lifolzn m)
'[['H(Lu/[.,)/\n Alv()"‘zl

[}

(26)

where i, is the classical electron radius (= 2.82 x 107 ™ em)r Ay and fi are the central wavelength and
frequency. respectively, of the clectromagnetic wave: L is the thickuess of the phase sereen: o, represents
the RMS phase fluctuation F, is the frequency coherence bandwidth: and 1 is the spatial correlation
length associated with seintillatious, These parameters together with the Sy seintillation index deseribe
the effects of strong scattering on a radio pulse propagated through a structured ionosphere,

[t is huportant to note that the above formalism applies only to a narrowband radio pulse with a
carrier frequency. fo. that is well above the plasma frequency. In addition. it is evident from equations
(2:4) (26) that the important propagation parameters depend rather strongly on the carrier frequency
(coon. Fooo s f). making it diflicult to apply this method of analysis to a broadband pulse. The most
ceneral form of multiple-phase-sereen techniques is necessary to treat the problem of broadband-pulse
propagation through a structured plasma.

Nevertheless, 1o calenlate the temporal distortions introduced by propagation through a structured
ionosphere, TIPC initially made use of a code (CIRF) developed by Leon Wittwer of LNA (sce Dana,
1988}, This code computes statistical vealizations of the IRE for a stractured ionosphere : haracterized
by isotropic irregularitios with a 1-D power-law spectral density profile with spectral index of two. The
onlv input to CIREF is £, all other propagation paramcters are defaulted to values that correspond
to o strong seattering environmment (e oo = 1), CIREF was converted to a subroutine and modified
shightly to return the Fourier transform of a single realization of the IREF. More recently, we have
implemented a new algorithm that makes use of equation (23) to generate statistical realizations of the
impulse response function. In our new algorithm. we ignore the spatial offects of scattering (assuming
the receiver is stationary over the time duration of the signal) and replace the generalized power
wpectri Stk )i equation (3-52) on p. 103 of Kuepp (1982) with ;5. The net resalt is given by
cquation 123 This method of analvsis reduces the eomputing time signiticantly and produces results
statistically ideatical to the outpnt of CIR .

Because the coherence handwidth is assumed to he a constant across the spectrum of (he EMP.
the transionospherie signal computed in this way shonld be considered only as indicative of the effects

of scattering on a hroadband signal. Tt is possible, however, to maodel the performance of individual
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narrowband receivers precisely by choosing the appropriate valne for the coherence bandwidth corie-
sponding to the receiver's central frequencey. For studies that require multiple receivers (such as DTOA
studies). however, the coherence bandwidth is treated as a constant.

To complete the analysis of pulse propagation through a structured environnent. it is alsc necessary
to consider the impact of signal fades associated with amplitude and phase scintillvtions, This can he
accomplished with TIPC by simply varving the SNR in a way commensurate with the statistical
amplitude variations to be expected for the desired Sy seintillation index,

F. Deterministic Ionosphere

The vertical TEC of the ionosphere can vary by more than an order of magnitude depeuding on tli
latitude. longitude. solar activity. scason. and time of day. It is iinportant. therciorve, mo have as accurate
an estimate of TEC as possible for the particular propagation channel of iuterest. The International
Reference Tonosphere (IRT) (Rawer of al.. 1978a and b Bilitza. 1986: Rawer and Bradley. T987) is a
computer program that generates vertical profiles of electron density. electron and ion temperatures,
and positive jon composition for any given geogr: phical location. time of day. season. and solar activity.
The electron-density profile is computed by interpolating a series of tables developed from sy aoptic
measurcments obtained with ionosondes. topside sounders. and incoheren. scatter radars. The diata
base in some cases constitutes more than 20 vears of measurements taken on an hourly basis.

The input parameters to IRY include the geographical location (latitude and east longitude). the
sunspot mumber (available from the Geomagnetic and Solar Data published monthly by the Journal
of Geophysical Rescarch)y, the month, time of day (hour). solar inclination. lower and upper limits
of the height profile. andd the profile height resolution. The ontput includes plots and a listing of the
ionospheric constituents and electron and ion temperatures as a function of height. The electron-density
profile can then be integrated to vield a TEC for input to TIPC.

G. Structured Ionosphere

The existence of electron-density irregularities in the jonosphere has heen known for some time (see,
e.g.. Fejer and Kellev, 1980) and their variability and cffect on radio comrinications has been studied
extensively as noted above., Generally, the largest electron-density perturbations are found both at high
Jatitude and at the cquater and are associated with magnetic substorms and corresponding electron
precipitation in the auvoral oval and with equatorial spread-F. In contrast, midlatitude thuetuations
tend to be of the order of a few percent of those found in equatorial regions, In order to give the TIPC
user a fecling for the magnitude of Sy and F.,. we present a brief discussion of some of the available
data. We note. however. that hecanse midlatitude eifeets on radio conmmunications are weak. the data
avarlable for this region are meager at hest and onr discussion is therefore lhmited to the worst-case
conditions found in polar and equatorial regions.

The magnitude of ionospherie density fluctuations is cither inferred rom seintillations in radio sig-
nals or measured in sitn. The largest RMS density perturbations range from 13 107 e *Lwhile the
corresponding scale sizes are generally characterized by a power-law k-spectrim with a one-dimensional
spectral index equal to 2 and outer scale lengths ranging from 1100 ki In Table T we present typical
values for RMS electron density perturbations measured in situ under severe ionospherice conditions,
along with the corresponding propagation parameters, The latter parameters were caleulated assuming
the thickness of the phase sereen (L) to he 100 k. acentrad frequency (fo) of 150 Mz, a reeciver
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distance (z,) equal to 20.000 km, a source distance (z,) of 300 km, and an inner sceale length equal to
200 m. Note that the inuer seale length was chosen somewhat arbitrarily. repreenting the resolution
of in-situ measurements in some cases, but that the propagation parameters do not depend strongly
on L;. The ion density measurements of Phelps and Sagalyn (1976) were obtained with the spherical
electrostatic analyzer probe on ISIS 1in the topside ionosphere at high latitudes (60 84 degrees invari-
ant latitude) and altitudes ranging from 574 to 3523 k. Irregularity scale sizes ranging from 200 m
to 100 km and irregularity amplitudes as high as 20% ol the mean were measured.  Assuming that
these characteristics persist throughout the ionosphere, one would derive a relevant electron-density
perturbation of 10° em™ and the corresponding propagation parameters shown in Table 1. Dyson,
McClure, and Hanson (1974) report on similar results obtained with the retarding potential analyzer
on OGO-6. These measurements included equatorial regions, which were found to possess somewhat
higher irregularities than the polar regions. The rocket measurements of Costa and Kelley (1976) were
taken in the bottomside ionosphere (altitudes of 270-340 km) over Natal, Brazil. with a Langmuir
probe. The results presented in Table T for these measurements are representative of a density hole or
pluinelike structure near the Foregion peak. The OGO-6 measurements reported by Basu. Basu, and
Kahn (1976) were obtained with the retarding potential analyzer over various equatorial regions at an
altitude of 400 km. The irregularity amplitude of 3 x 10° cm™?* is assceiated with severe ionospheric
conditions which are common over the African and Atlantic sectors,

TABLE 1
In Situ Measurements of Ionospheric Irregularities

L., Tre Ty £, Foon
lonospherie Conditions (ki) (cm™?) (Radians) (km) _
Topside, high-latitude® 10 107 20 20 63
Topside. equatorial®
Bottomside. equatorial spread F* 10 2x 107 50 75 16
Near density peak, equatorial® 2 3x10° 34 3.7 2.4

“Phelps and Sagalyn (1976).
"Dyson et al. (1974).

“Costa and Kelley (1976).
Basu et al. (1976).

Under strong seattering conditions, the existence of a seintillation index approximately equal to
one and corresponding signal fades of 20 to 30 dB at VHF frequencies is quite common. RMS phase
fhuctnations in the tens of radians at VHE are also typical. In Table 1, the results of two representative
scintillation studies are summarized. Fremonw of ol 1978 report on seintillation measurements taken
at the University ol Alaska’s Poker IMlat Rocket Rarse. the Instituto Geofisico del Peru's receiving
site at Ancon.and a receiving station at Kwajalein. The signals originated from a mltifrequency
fspanuing VHE to S band) cohierent radio heacon on the DNA Wideband satellite. At VHF (138 MNMHz)
the measurements are characterized by signal fades as deep as 10 dB and phase exeursions of several
7. The propagation parameters presented o Table T were derived for an RMS phase fluctuation of
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TABLE 11
VHF Scintillation Measurements

]Jn (e Ty ["u F('uh
lonospheric Conditions (km) (em™?) (Radians) (km) (MHz)
Polar (Poker Flat) 1.6 10° 10 10 19
and equatorial (Ancon)"
Equatorial (Ascension Island)® 1.0 10° 8.0 9.3 11

“Fremouw ef al. (1978).
"Rino et al. (1981).

10 radians and sasswning an RMS electron density variation of 10% e ®. The scintillation study of
Rino et al.. (1981a) is based on measurements taken on Ascension Island. which is located in the
South Atlantic ionospheric equatorial anomaly region where strong scintillation effects are normally
observed. VHE (250 NHz) signals originating from the Marisat satellite showed deep fades from 20
30 dB. Assuming an RMS electron-density fluctuation of 10° cm 3 and a magnitude of 102! for their
parameter (', one obtains an outer scale length of T km from their Figure TV-11. These values can be
used to derive the propagation parameters presented in Table 1.

These results indicate that under worst-case ionospheric conditions, VHE signals will experience
deep fades ranging from 20 to 40 dB and strong distortions in their temporal structure for systems

with bandwidths greater than approximately 2 MHz.

IV. TIPC SUBROUTINES

Many of the subroutines used in TIPC are available from the standard Fortran math library. On
the other hand. some of the routines (e.g., FFT routines) were extracted from CLAMS and others
were developed specifically for TIPC. A brief deseription of the individual routines and their associated
input/output is given below. A chart showing the calling sequence and detailed nesting of these calls
is given in Appendix A, The general flow of the program is illustrated in Figure 2.

AMAXNMIN (ARRAY. N. AMAX. INAX. AMIN. IMIN)

This subroutine searches the first N elements of the array ARRAY for the maximum and mininnun
value. It returns the maximum value in AMAX and its corresponding index in INAX. It also returns
the minimum value in AMIN and its corresponding index in IMIN,

AVGTIME (ARRAY. TAVG)

This subroutine uses the values in ARRAY as weights in constructing the weighted average of the
times in TIME. The weighted average is returned in TAVGL. NPTS are used in the average,



u [ f a“l . . . Ak . il

CFFTB (N. . WSAVE)

This subroutine in FFT.FOR computes the backward complex (discrete) Fourier transform of the
sequence of N points in the array . WSAVE is a work arvay that must be lirst initialized with a call
to CFFTI.

CFFTF (N, . WSAVE)

This subroutine in FFT.FOR computes the forward complex (diserete) Fourier transform of the
sequence of N points in the array €. WSAVE is a work array that must be first initialized with a call
to CFFTI.

CEFETI (N, WSAVE)

This subroutine in FFT.FOR initializes values in the work array WSAVE for use with CFFTDB and
CFFTF.

CIRF (CDT, DD, NTIM, CR)

This subroutine computes NTIM values of a random function in the time dowain, which is meant
to simulate the stochastic features of the ionosphere. The Fourier transform of this function is returned
in CR. CDT is the time inerement to be used, while DD is the delay interval length to be used. The
coherence frequency bandwidth, F.,,, is also used in constructing the function.

CLEAR (TTY)

This subroutine clears the user’s screen and repositions the cursor. T'TY indicates the type of
terminal in use. Two types of terminals are supported by this routine: DEC-compatible and Tektronix-
compatible terminals,

CROSCOR (INDEX)

This subroutine estimates the difference in times of arrivals for pairs of receivers by determining
where the integral of Ti(6)Tj(t - s) over ¢ is maximized (T4 and T are the received signals for receivers
i and j). This estimate is placed in the array DTOA using INDEX as a guide. This subroutine can
also generate a plot of the above integral depending on the flag PLTCC.

CROSINFO (N. ARRAY. J1. J2, SHIFT, DTA, FWHM, TC)
This subroutine examines N elements in the array ARRAY for a maximum. The time corresponding

to this point is used in estimating the delta time of arrival which is returned in DTA. J1 and J2 are
the two receiver indices and SHIFT is the amount of time displacement found in the input array.
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ETTYDEF

This subroutine is a danmy routine for the proper functioning of the OINK library.
ETTYNOP

This subroutine is a dummy routine for the proper functioning of the OINK library.
FIT(NT. NF. DT. TVAL. CFT. FVAL. WORK)

This subroutine computes the forward Fourier transform of a function, NT values of the function
in the time domain are taken from TVAL (where DT is the time increment between successive values)
and converted to NI values in the frequency domain. The resulting complex spectrum is output in
CFT while the magnitude of these values are output in FVAL. WORK is used as a scratch array.

FILTERS

This subroutine establishes the necessary information to define the receivers. The time domain
responses are stored in TVAL, The complex Fourier transforms are stored in FIL. The magnitudes of
the spectral values are stored in FVAL. Time delays to be associated with each filter are stored in

RCVRDLY.
FMTOA (VALL. VAL2, NPTS. TIME. 'I,‘()A“LEF'I‘. RIGHT)

This subroutine estimates the time of arrival for a given receiver by the frequency-modulation
niethod initially developed by R. Massey (group SST-7, LANL). It uses the envelope of the received
signal in VAL1 to define a peak region. The boundaries of this region are returned in LEFT and RIGHT.
The actual received signal in VAL2 is examined over this region. A function which is the sguare of
the difference between successive zeros of the signal versus the time values in TIME is constructed in
VAL2 (overwriting the previous values), A straight line is then fit to this function. The point where
this line crosses the time axis is returned in TOA as the time of arrival for that receiver.

FRANGE (IESC)

This subroutine determines the frequency range to be used in generating time domain plots so that
the plotted signal will it within the time window allotted. TESC is the escape code entered by the
user,

FREQPLOT (YVAR. IST. ND. NCURVES. NPLOTS, IOPT)

This subroutine generates plots in the frequency domain. YVAR is the arvay of values to be plotted.

IST is the starting index for cach colummn Hf the array while ND is the number of values to plot for

cach of the NPLOTS. NCURVES is the number of curves to overplot on cach graph., TOPT indicates
the type of plot desired.
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FRFIL (FLO, FHI, COEF, FLTR)

This subroutine constructs a wide-band filter by smoothly patching together exponential functions
in such a way that there is 50% transmission at the specified low and high frequencies of FLO and
FHI. COEFF governs the steepness of the exponentials. The resulting complex function is returned in
FLTR.

GETNOISE

This subroutine retrieves noise data from a file whose name is given in NSFILE and then sorts the
values.

GETNP (FR, DM, DS)

This subroutine calculates the noise parameters DM and DS corresponding to a given frequency
FR by interpolating in the random noise table.

GETRCVR (NR)

This subroutine retrieves tabular data from a file whose name appears in SRFILE and which defines
the frequency respouse of a given receiver. NR is the index of the receiver.,

GETTASK (ITASK. FLAGI1, FLAG2, FLAG3)

This subroutine requests from the user the task that is to be performed (returned in I'TASK) and
“alls the appropriate menu routines to establish the necessary parameter values, FLAG1, FLAG2, and
FLAG3S indicate whether parameters were modified by the nmienus corresponding to Transionospheric
Propagation, Satellite Detection, and Signal Processing respectively,

GETTEXT (CLUE, IERR)

This subroutine retrieves textual information from the file TIPC.TXT, using CLUE as the string
in angle brackets that sets off the particular message and returning in IERR an error condition code.

INITMENU
This block data subprogram initializes the various menu options.
INITTF
This s»broutine illiti;lli%(:‘ﬁ the array of times in TIME and frequencies in FREQ. It uses the time

increment DT and the number of samples points NPTS to do this. It also defines TMAX, TMID, and
FMAX.
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- INITVAL
This subroutine performs the necessary initialization when TIPC is started up.
INITVEC (ARRAY, LOW, HIGH, NUM, LOGSCALE)

This subroutine establishes an array of NUM values in ARRAY by interpolating between the low
and high values (LOW and HIGH respectively). LOGSCALE indicates whether interpolation is to be
domne on a log scale or not.,

IOFIRS (CIN)
“This function in the OINK library determines the position of the first significant character in the
string CIN.

IOGETC (CPROMP, CESCAP, CINOUT, IESC)

This subroutine in the QINK library presents the prompt in CPROMP to the user and accepts the
user's input of a string in CINOUT. CESCAP contains a string of “escape” characters, The status of
the user’s input is returned in IESC.

IOGETT (NEXPEC, CPROMP, CESCAP, IINOUT, NFOUNL, JESC)

This subroutine in the OINK library presents the prompt in CPROMP to the user and accepts
the user's input of an integer value or array in IINOUT. NEXPEC is the number of values to be
expected, CESCAP contains a string of “escape” characters. The number of values entered is returned
in NFOUND. The status of the user’s input is returned in IESC.

JOGETR (NEXPEC, CPROMP, CESCAP, RINOUT, NFOUND, IESC)

This subroutine in the OINK library presents the prompt in CPROMP to the user and accepts
the user's input of a real value or array in RINOUT. NEXPEC is the number of values to be ex-
pected. CESCAP contains a string of “escape” characters. The mimber of values eutered is returned
in NFOUND. The status of the user’s input is returned in 1ESC.

IOGFIL (CPROMP. CESCAP, CSTAT, CFNAME, IESC)
This subroutine in the OINK library presents the prompt in CPROMP to the user and accepts
the user's input of a file name in CENAME, The string in CSTAT is then used to determine the file's

statns, CESCAP contains a string of “escape” characters. The status of the user’s input is returned

in 1ESC.
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IOINIT (CSYS, CASE, NWIDTH)

This subroutine in the OINK library initializes the internal variables that are system dependent
or global in nature. This must be called before any other OINK subroutine is invoked. CSYS contains
the operating system keyword (“vins,” “ctss,” or “unix™). CASE indicates the case in which character
information is returned to tl e program from some of the OINK routines (“u” or “I”). NWIDTH defines
the width of the terminal screen or window in characters.

IOLAST (CIN)

This function in the OINK library determines the position of the last significant character in the
string CIN.

IONMEN (NITEM, CTITLE, NEXPEC, CPROMP, I0PT, NFOUND)

This subroutine in the OINK library handles menus with integer-labeled options. NITEM is the
number of items to appear on the menu. CTITLE contains the title to appear above the menu (may
be a null string). NEXPEC indicated the number of options that the user is expected to enter. The
array of prompts for the menu items is in CPROMP. The user’s choices are returned in IOPT. The
number of menu items chosen is returned in NFOUND.

[OOFIL (LUNIT, CPROMP, CESCAP, CSTAT, CFNAME, IESC)

This subroutine in the QINK library prompts the user with CPROMP and accepts the user’s iilpui)
of a file name in CENAME. The string in CSTAT is used as the status in attempting to open the file
using the logical unit number specified in LUNIT, CESCAP contains a string of “ecscape” characters.
The status of the user’s reply is returned in IESC.

IOUSER

This is a dummy routine for the proper functioning of the OINK library.
IOYORN (CPROMP, CESCAP, CYORN, 1ESC)

This subroutine in the OINK library presents the prompt in CPROMP to the user in the form
of a yes or no guestion and accepts the user’s response in CYORN. CESCAP is a string of “escape”
characters, The status of the user’s reply is returned in TESC,

PCPB1

This subroutine generates a super-Gaussian input signal.

IPCPB2

This subroutine generates a wodified Gaussian input signal.
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IPDELTA

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

This subroutine generates double exponential function for an input signal.
IPROP

This subroutine simulates the effect of the ionosphere on the input signal. It first adds the noise
requested to the input signal. Then it applies to the Fourier transform of the input signal a transfer
function that includes phase shifts as a function of frequency in order to simulate the deterministic
aspects of the ionosphere. 7: seintillations are requested, a stochastic transfer function is generated
th is also applied to the signal. This subroutine can generate a plot of the transionospheric signal if
indicated by PLTTIS. '

TPTABLE

This subroutine generates an input signal from tabular data. The name of the file which contains
the data is found in IPFILE.

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

This subroutine estimates the time of arrival for a given receiver by the Leading Edge method.
The envelope of the NPTS values of the received signal is in the array ARRAY. Two points on the
leading edge where the signal drops to 2/3 and 1/3 of the peak value are found. A straight line is
drawn between these two points. and the point where the line intersects the thme axis is declared to be
the time of arrival for that receiver. The time values in TIME are used for this purpose. The time of
arrival is returned in TOA, Also returned are boundaries of the signal peak region, LEFT and RIGHT,
for plotting purposcs.

MENUDT (FLAG, IESC)

This subroutine requests {from the user all the information needed to perform a delta-time-of-arrival
study. FLAG indicates whether any of the paramecter values were changed. TESC is the escape code
corresponding to the user’s last response. ‘

MENUDU (FLAG, IESC)
This subroutine requests from the user all the information needed to perform a delta time of arrival

uncertainty study. FLAG indicates whether any of the parameter values were changed. 11ESC is the
escape code corresponding to the user's last response.



MENUPS (FLAG, IESC)

This subroutine requests from the user all the information needed to perform signal processing.
FLAG indicates whether any of the parameter values were changed. TESC is the escape code corre-
sponding to the user's last response. ‘ ‘

MENUSD (FLAG, IESC)

This subroutine requests from the user all the information needed to perform signal detection.
FLAG indicates whether any of the parameter values were changed. IESC is the escape code corre-
sponding to the user's last response.

MENUTP (FLAG, IESC)

This subroutine requests from the user all the information needed to perform transionospheric
propagation. FLAG indicates whether any of the parameter values were changed. 1ESC is the escape
code corresponding to the user's last response.

NEWSEED (SEED)

This subroutine uses the current system time to establish an initial value for SEED which is used
in the generation of random numbers.

NOISE

This subroutine defines the noise that is to be added to the input signal. It can also generate plots
of the tabular noise, the input signal plus noise, or the spectrum of the input signal plus noisc.

NOISE1
This subroutine generates white noise for the input signal.
NOISE2

‘T'his subroutine generates frequency-dependent noise for the input signal based on the tabulated
data in a file. The name of the file is stored in NSFILE.

NOPRNT
This is a dwinmy routine for the proper functioning of the OINK library.
PARAMS (MODE)

This subroutine cither saves the parameter values in a file or restores those values from a file
depending on the string in MODE. The user is prompted for the name of the parameter file.

DD}
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PARSEMSG (MSG, KEYWORD, VALUE, IESC)

This subroutineextracts the keyword and value from the first segment of an information message in
MSG which is included with tabular data. These are returnted in KEYWORD and VALUT respectively.
The messages minus the first segment are returned in MSG. An error condition is returned in TESC.

PAUSE

This subroutine prints out an innocuous message and waits for any response from t.‘hu user.
PLOTEXIT (TTY)

This subroutine in NCAR.FOR terminates any graphics output. . .
PLOTINIT (TTY)

This subroutine '11‘1 NCAR.FOR prepares for grapliics output.

PLOTXY (X, Y, ISTART, NDIM, NPTS, NC, [PLT, NPLT, IOPT, XLABEL, YLABEL,
TITLEL TITLE2, MESSAGE, TTY)

This subroutine in NCAR.FOR produces one or mora X-Y plots. The columuns of ¥ are plotted as
a function of X s(,‘nrting at ISTART. NDIM is the colummn dimension of the two-dimensional array Y.
NPTS is the number of points to plot, NC is the number of curves to plot per graph. IPLT is the
index of the plot (from 1 to 4) that indicates where in the page it is to be plotted in case there is
more than one plot. NPLT is the total mmmber of plots. 10PT indicates the type of scales to use
(1 for lincar X, lincar Y 2 for lincar X, logarithmic Y3 3 for logarithmic X, linear Y; and 4 for
logarithmic X, logarithmic ). XLABEL contains the label for the X axis while YLABEL contains
the label for the ¥ axis. TITLEL and TITLE2 coutain titles and subtitles to be displayed at the top
of the page. MESSAGE contains secondary information to he displayed immediately below the titles.
TTY indicates the type of terminal being used. '

POLY (N, COEF, X)

This function returns the value of a polynomial at X which is specified by N coellicients stored in

COEF.
PULSE (IESC)

This subroutine requests from the user the information needed to determine the input signal.
Returned in TESC is the escape code corresponding the user's last response.
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QUAD

This subroutine performs the quadrature filtering algorithm. It sums the received signal itsell and
the received signal shifted out of phase by 90 degrees with a tictitious local oscillator. Tt can plot these
quadrature results if indicated by PLTQUAD.

RANDG (MEAN, SIGMA, SEED)

This subroutine generates Gaussian random values with mean and standard deviation specitiod by
MIZAN and SIGMA respectively. SEED is antomatically updated.
RANDU (SEED)

This subroutine generates uniform random values between zero and one, SEED is antomatically
vpdated.

RESTORE (NAME, VALUE, INDX)

This subroutine restores the value of a parawmeter specitied in a line of the parameter file. The
parameter’s name is given in NAME, 1f it is an arvay, the index is given in INDX. The character-string
containing the value is given in VALUE,

SATDET

This subroutine models the detection of a transionosphieric signal by a specified receiver. It can
also generate plots of the received signals,

SAVEC (LUN, NAME, VARIABLE)

This subroutine encodes the value of a character-string variable stored in VARIABLE along with
its name in NAME and writes this out to the parameter file using the logical unit munber specified in
LUN.

SAVEI (LUN, NAME, VARIABLE)

This subroutine encodes the value of an integer variable stored in VARIABLE along with its namc
in NAME and writes this out to the parameter file nsing the logical unit number specified in LUN.

SAVEL (LUN, NAME. VARIABLE)

This subroutine encodes the value of a logical variable stored in VARTABLE along with its name
in NAME and writes this out to the parameter file using the logical unit mumber speciticd in LUN.,



SAVER (LUN, NAME, VARIABLE)

This subroutine encocdes the value of a real variable stored in VARIABLE along with its name in
NAME and writes this out to the parameter file using the logical unit number specified in LUN.

SETTEC (VALUE)

This subroutine establishes a new value for TEC and other global variables whose values depend

on TEC,
SIGNAL

This subroutine constructs the input signal and its Fourier transform. It can also generate plots
of the input signal.

SORT (N. X, Y. NDIM, NC)

This subroutine sorts the N clements of array X in ascending order and makes sure the clements
in cach colummn of Y are permuted in exactly the same way, NDIM is the column size of ¥ while NC
is the number of columns to permute.

SORLAW

This subroutine passes the signal power through a low-pass filter to determine its envelope,
TASKDT

This subroutine performs a Delta Time of Arrival study by simulating the reception of a trans-
ionospheric signal by specified receivers for various values of TEC and estimating the ditferences in
times of arrival, ‘

TASKDU

This subroutine generates various realizations of white noise or scintillations and then siimunlates
the reception of the resulting transionospherie signal by specified receivers. The mean and sigma of
the differences in arrival times are caleulated,

TASKPS (INDEX)

This subroutine applies one of a number of signal-processing algorithms to the transionospheric
signal received by the satellite receivers, INDEX is a pointer into the array DTOA.



TASKSD

This subroutine determines what signals are received by cach of the receivers whose frequency
response has been specified by the user,

TASKTP
This snbroutine determines what happens to the input signal as it passes through the ionosphere,
TIMEPLOT (OFFSET, YVAR. IST. MD. NCURVES. NPLOTS. 10PT)

This subroutine generates one or more plots in the time domain of the values in the array YVAR
such that the values in TIME are offset by an amount in OFFSET. IST is the starting index of the
values to be used. while ND is the nuimber of values to he used in the plots. NCURVES is the munber
of curves to plot on each graph, NPLOTS is the total number of plots. and 1OPT is an indicator of
the type of plot to make.

TSHIFT (CEFT. TS. VAL, SAVE)

This subroutine multiplies the complex spectrum in CE'F by an appropriate funcetion so that the
signal in the time domain is shifted by an amount TS, The resulting time domain representation is
returned in VAL, SAVE indicates whether the speetrun is to be updated or not.

WINDOW (ARRAY. N. CUTOFFE, IST. ND)

This subroutine searches the elerients in ARRAY forward from 1 and backward from N for the first
value that exceeds CUTORE times the largest element in absolute value. The left index is returned in
IST while the total number of points in between the limits is returned in ND.

YSCALE (Y. N. SCALE. LABEL)

This subroutine in NCAR.FOR scales N values in the array Y oand returns the scaling factor in
SCALE. It also returns a scaling label in LABEL that can be used in labeling the ordinates.

V. SAMPLE RUNS

To illustrate the capabilities of “TIPC and familiarize the user with the format of its output, we
present the results of representative runs for cach of the five tasks discussed in Section 11 These runs
arc limited in scope and are meant only to illustrate various aspects of the code. At the same time.
however, the selected cases do toueh on some interesting facets of propagation. signal detection. and
signal processing.



A. Transionospheric Propagation

Two samnle input pulses, the delta function and the super-Gaussian function, were run through
the transionospherie propagation task for four values of the frequency coherence bandwidth (foon, = o,
200 100 and 1 MHz) and two signal-to-noise ratios (SNR = 100 and 10.000). The default pulse param-
cters were selected in ecach case and the results are sunmarized in Figures 3a j and da j, respectively.
Figure 3a is a plot of the input delta function while Figure 3b is a plot of its spectrum. Note that the
signal is zero exeept at t = 4 ps, where it has amplitude T/At (the triangular shape is an artifact of the
plotting routine and the finite sampling) and its spectrum is flat from zero to the Nyquist frequency
with amplitude unity.

The transionospheric signal for a deterministic ionosphere with a TEC of T x 10" cm # is shown
in Figure 3¢, Though not apparent in this plot. the initial impulse is separated into its individual
frequency components with the high frequencies arriving Hrst. The amplitude of the high-froquency
components is larger becanse the delta function has a flat spectrum and the dispersion due to the
ionosphere is higher at lower frequencies. The sudden rise in signal amplitnde at 11 s is an artifact,
introduced by aliasing.

The effect of seattering on the transionospheric signal is depicted in Figures 3d . We see that the
signal has been modulated in titme over a scale defined by the temporal dispersion corresponding to the
coherence bandwidth, Thus, the temporal structure in the signal increases as Fip, deereases and the
modulation scale in time inereases as a function of time. The latter result stems frem our forcing the
coherence bandwidth (o be constaind over the entire frequency range displayved. In general, a constant
coherence bandwidth is not an accurate description of scattering bhecause F,, varies as f. A general
theoretical treatment of this problem is not yet available.

The impact of Gaussian-distributed white noise on the signal is scen in Figures 3g j. The input
signal with a SNR equal to 100 is shown in Figure 3g. The corresponding transionospherice signal is
plotted in Figure 3h. Because of the tremendous dispersion introduced by the ionosphere, the amplitude
of an itial impulse is greatly reduced relative to the noise. which represents a continuous signal that
suffers no reduction in amplitude due to dispersion. This explains the obvious reduction in signal-to-
noise seen in Figure 3l The results for a SNR of 10,000 are shown in Figures 3i j. For this case the
shape of the transionospherie signal is barely discernible in the noise.

A similar set of results. Figures a j. were obtained for the super-Ganssian default pulse. This
pulse shape. shown in Figure 4a. has the corresponding speetrum shown in Figure 4b, The latter
spectral shape introduces a modulation in the transionospheric signal. plotted in Figure de. relative to
what one would obtain for a flat spectrum (see Figure 3¢). Additional modnlation is introduced in the
case of finite-colierence handwidths as seen in Figures 4d {0 As in the case of the defta function, the
transionospheric signal is lost in the noise for a SNR of 100 (Figure 4h) and barely discernible for a
SNIof 10.000 (Figure 1j).

B. Signal Filtering

The transionospherie signals obtained for all of the cases above were run through task two (Signal
Filtering) for a set of four Gaussian filters with central frequencies of 10, 70, 150, and 250 NIz,
and a single bandwidth of 2 MHz FWHNM. The filter profiles are shown in Figures Ha d while the
corresponding impulse responses are plotted in Figures 6a d. Fach filter has a built in group delay
caqual to approximately 212 psc The filtered transionospherie signals for the delta function input



pulse are shown in Figures 7a d. Because the bandwidth of these filters and the ionospheric TEC are
sufficiently small, the dispersion introduced by the ionosphere across the filter is not readily observable
in these signals. We do, however, observe a frequency-dependent delay in the arrival time of the peak
signal. For example, the 40 MHz signal (Figure 7a) shows a total delay equal to the sum of the signal
delay of 4 s measured relative to a chosen absolute zero time, the filter delay of 2.12 ps, and the
ionospheric delay of 7.97 ps equal to that expected for the central frequency of that filter. A similar
result is obtained for the other filters. We also find that the total delay decreases with inereasing
frequency i a manner cousistent with the expected ionospherie delays. By time-tagging the arrival of
the signal in different receivers, it is thercfore possible to determine the ionospherie TEC. Algorithms
developed for this purpose have already heen discussed.

The effect of finite coherence bandwidths on the filtered transionospherie signal is shown in Fig-
ures 8a-d, 9a -d.and 10a d. When the coherence bandwidth of the ionosphere is larger than the filter
bandwidth. the signal appears virtnally unaffected.  Closer examination. however. reveals additional
time delays and larger temporal widths that are consistent with the expected mean delays and the
time delay jitter for the given coherence bandwidth, When £, falls below the bandwidth of the filter,
significant distortion of the signal is observed (Figures 10a d). Additional delays and a broader filtered
signal are also seen. Each of these results represents a single realization of a statistical set of potential
outcomes, It is apparent that the statistical delays obtained in the presence of strong scattering in-
troduce random uncertainties in the computed ionospheric TECs. The additional temporal structure
introduced at low coherence handwidths exacerbates the problem by making it difficult to determine
an aceurate tiime of arrival,

The filtered transionospheric signals for a delta function and a SNR of 100 are shown in Figures 11a
. It is apparent thay the signal is washed out by the combination of ionospherie dispersion and noise for
all of the received frequencey components. For a SNR of 10.000 the filtered transionospherie signal stands
ort prominently above the noise and has the appropriate delays for all receivers (see Figures 12a d).

A complenientary set of results for the super-Gaussian pulse is displayed in Figures 13a d, 1da d,
ha do 16a do 1Ta dand 18a- d. The primary difference between the two pulses stems ultimately from
their Fourier spectra. For example. the results show that for a SNR of 100, it is possible in the case of
the super-Gaussian pulse to identify a signal in the 70 MHz channel (see Figure 17h) but not possible
in the case of the delta function. As seen in Figure Ab. the super-Gaussian pulse has a peak in its
spectrum at 70 MHz. The amplitude of this peak is greater than that at the other chanunel frequencies
and is sufficiently large to be detected above the noise. For the super-Gaussian pulse and a SNR of
10,000 (Figares 1Ra d) we find that ondy the 40 and 70 MHz channels have signals sufticiently above
the noise to he measured. whereas signals in all channels are detectable for the delta function (see
Figures 12a d). These results indicate that for narrowband systems, signal detection relies strongly on
a pudicions choiee ol freqneney channels.

The essential aspects of signal deteetion that are relevant to identification of important. spectral
features in the radiated pulse are summarizod ina series of plots that show the received power in the
various chiannels along with the input pulse spectrun. The results are shown in Figures 19a f for the
delta function and Figures 20a f for the snper-Gaussian function. In the case of infinite coherence
bandwidth and SNR (Figures' 19a and 20a). we see thay the received power in all the ehiannels lies on
top of the input pulse spectrun, The effeet of a finite colierence bandwidth (Figures 190 d and 20h d)
i= to introduce random fluctuations in the measored spectrim, Some channels experience enhaneed

power cansed by speetral foensing”™ while others show reduced power resulting from a defocusing of



the signal in that chaunel. The effect of noise (Figures 19¢ { and 20c f) is to obscure the signal in
some channels relative to others.

These results illustrate the ditficulties encountered in measuring signal characteristics in the pres-
ence of ionospheric dispersion, scattering, and Gaussian white noise. The magnitude of these effects
depends strougly on the value of TEC, F..,. and SNR, and it is important to have a good estimate or
measurenient (preferably in situ) for these parameters. It is apparent that narrowband systems suffer
from the additional problem of not knowing the optimum channel frequencies a priore for arbitrary
pulse shapes. Broadband systems that cover the entire VHE range from 30 to 300 MHz are far superior
for the task of signal reconstruction. ‘

C. Signal Processing

The defanlt delta-function along with a wideband filter characterized by a central frequency of
130 MHz and a FWHM of 40 MHz were nsed as input to the quadrature and square-law detection
subtasks. The absolute magnitude of the filter transfer function is shown in Figure 21 while the results
for quadrature detection and square-law detection are shown in Figures 22a d and 23, respectively. The
[ and Q components and the phase of the received signal show the effect of the local oscillator (chosen
to be 130 NMHz). As the signal chirps through the 130 MHz filter frequency, the relative heating of the
signal and the local oscillator first decreases and then increases with time, as is evident in Figures 22a, b,
and d. The minor differences hetween the transionospheric signal obtained with square-law detection
and the amplitude (Figure 22¢) obtained with quadrature detection are associated with the fact that
the default 10 MHz low-pass filter was used for square-law deteetion while the recciver filter has a
40 MHz FWHNM.

Results for the TOA algorithms were generated for the default delta function and two filters,
namely. a wideband filter from 100 400 MHz and a narrowband filter with a central frequency of
70 MHz and a baudwidth of 6 MHz. The filter transfer functions are shown in Figures 24a and b,
Three cases, corresponding to (1) infinite coherence bandwidth and 70 d3 SNR. (2) infinite coherence
bandwidth and 30 dI3 SNR. and (3) 10 Mz coherence bandwidth and 70 dB SNR, were run for cach
TOA algorithm and receiver. The transionospheric signal for cach case is shown in Figures 25a c.
The results using the FNTOA technigue are showu in Figures 26a ¢ and 27a ¢ for the wideband and
narrowhand filters, respectively. The TOA obtained for any given filter is measured relative to the zero
time in our initial time window and therefore corresponds to a signal delay plus some delay cansed by
the filter characteristics. In the case of the narrowband filter, the FNTOA technigue arrives at a TOA
of 4469 ps. which equals the signal delay plus a nominal filter delay of 0.469 s (see Figure 26a). This
result would in general he independent of TEC provided the FNTOA technique compensates acceurately
for the ionospheric delays. For the broadband filter, the FMTOA technigne yields a TOA equal to the
signal delay to an acenracy of one nanosecond (see Figure 27a). The cffect of a SNR of 1,000 is shown
in Figures 26h and 27h. In both cases. the FMTOA technique fails completely. This result illustrates
the strong effect of dispersion on the measured SNR at the receiver and our ability to measure the TOA
with this technigue. For a coherence handwidth of 10 MHz we find that the narrowband channel makes
a 102-ns crror in the TOA while the wideband channel makes a 1-L.0-ns crror. On the basis of Fi,
we expect the rms jitter in the arrival thne to be approximately 16 ns. For this particular realization.,
we find that the narrowband channel shows a larger error than expected while the wideband channel
performs as expected. As a result of the phase mixing that occurs within the wideband chiannel and
finite sampling. the FN'TOA technigue has difficulty measuring the oscillation period atany instant in
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time (as evidenced by the large relative variation in period compared to the narrowband channel) but
nevertheless measures the chirp rate more accurately because of the broader bandwidth.

Results for the leading-edge analysis are shown in Figures 28a ¢ and 29a- ¢. Two basic conclusions
can be drawn from this exercise. First, we find that the broadband measurements yield a greater
SNR and faster rise times on the leading edge than the narrowband measurements.  As a result,
the wideband TOA determinations are more consistent. and accurate for all cases. Second, because
Gaussian white noise introduces uniform phase mixing, techniques that rely on phase information
(e.g.. zero-crossing measurcments in the FMTOA algorithmm) are at a disadvantage relative to wideband
amplitude measuremetits, provided a reasonable SNR'is achieved. Indeed, the leading-edge technique
performs better wi b the wideband receiver than the FMTOA algorithm in these examples.

The output of the cross-correlation analysis includes both a DTOA and a TEC cstimate that is
derived from equation (16). The results are shown in Figures 30a-c. This technique yields DTOAs
that are acenrate to within 15 ns in the presence of hoth noise and scattering and thus performs
better than either the FMTOA or leading-edge algorithms for the cases considered. The TEC estimate
is approximately 30% higher than the actnal input value: however, the accuracy can be improved
significautly by constructing a look-up table for TEC as a function of DTOA.

D. DTOA Study

The defanlt delia function and two Gaussian filters with central frequencies of 150 MHz and
50 MHz and bandwidths of 6 MHz were used as input to the DTOA study. The leading-edge, time-
tagging algorithm was invoked to obtain TOAs for cach channel over a range of TECs from 0.1 to
10 % 10" cem 2. The results, shown in Figure 31, illustrate some of the limitations of TIPC. We
see that the plot is characterized by two straight lines of different slope with the break occurring at
A TEC of approximately 4.5 x 10" em™2, Because the DTOA is proportional to TEC, ideally one
expecets to obtain a single straight. line. The diserepancey results from the fact that the dispersion across
the 50 MHz filter becomes comparable to the 10-ps window and significant aliasing occurs for TECs
26 % 10M e, This result leads to erroncous values for the TOA of the 50 MHz channel. The user
can bypass this problem by selecting a larger sampling time, thereby inereasing the size of the window.
The tradeoff is that the maxinnun frequency (Nyquist frequency) that can be treated is reduced. The
user should take care to select an appropriate range of TECs,

This task will generate, for any specified set of receivers, a look-up table that allows the user
to determine a TEC for any given measurcment of DTOA. This analysis represents the first step in
removing ionospherie effects from the received signal,

I. DTOA Uncertainty Study

The default delta function and the two Gaussian filters specified for the DTOA study were used as
input to the DTOA nncertainty study. The TEC was fixed at 1 x 10" ¢m# and Gaussian white noise
was added to the inpuat signal. The resulting filtered transionospheric signal was time-tagged with the
leading-cdge algorithm for signal-to-noise ratios ranging from 10% to 10° (see Eqgs. (7), (8), and (9) for
implementation of noise). A mean DTOA and the standard deviation from the mean were caleulated
using 25 realizations of each SNR - The results are shown in Figures 32a and b, Note the rapid reduction
in performance below a SNR of 107 (see Figure 32b). A similar study was undertaken for coherence
handwidths ranging from 1 to 20 MHz. The results are shown in Figures 33a and b, The magnitude
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of the DTOA uncertainties over the range cousidered are smaller by an order of magnitude than those
obtained in the case of noise, suggesting that scattering of the EMP by ionospherie irregularitios is less
disruptive. Note the rapid deterioration in performance below a coherence bandwidth of 10 NHz, As
F.on approaches the filter bandwidth, amplitude variations are introduced to the leading-cdge of the
recetved signal, resulting in additional uncertaintios in time-tagging.

VI. FUTURE ENHANCEMENTS

TIPC represents a powerful tool for exploring important aspects of transionospheric propagation,
the detection of REF signals following propagation and sigual analysis of pulse waveforms. The code was
designed to be versatile enough both to address general questions regarding the effects of ionospheric
propagation on received signals aud to simulate actual receiver systems and their measurements of
transionosphlieric signals. As such, TIPC is both an educational tool and an applications code, Future
enhancements to TIPC will be in the arca of input,/output (the output is primarily in the form of
graphics at present) and in the development of a reconstruction algorithm,

The output of future versions of TIPC will include texu files with relevant results from cach of
the tasks and subtasks sclected by the user. A log file containing a listing of the input parameters
and a history of the exeeution of various tasks and associated results will he created.  In addition,
the user will he given the option of writing out the transionospheric signal-filtered transionospheric
signals, results from quadrature detection and square-law detection, and tables of DTOA vs, TEC
(obtained from the DTOA Study task) for specified filter pairs. The user will also be given the option
of specifying a transionospheric signal or a set of filiered transionospheric signals in tabular form. In
this way the signal-processing algorithms developed for TIPC can be applied to measurements and, for
example, a TEC can be estimated with the DTOA algorithiis for the specified data. Finally, a Signal
Reconstruction task will be created. This task will have two options:  Inverse Filter and Correlation
Analysis. The first option will create an inverse filter for the ionosphere based on a TEC estimate
obtained from the Signal Processing task, create the inverse filters for the specitied set of reccivers. and
apply these filters to the specified filtered transionospherie signal to obtain an estimate of the initial
signal. The second option will perform a cross-correlation bhetween a set of calculated or specified
filtered transionospheric signals and a corresponding set (read in from a specified text file) obtained
for a known input signai. Depeuding on the amplitude of the cross-correlatiou, the user can determine
whether or not the known input signal is a viable candidate for the specified measurements.
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APPENDIX A. Flow Chart Tree

TIPC
CLEAR
FRFIL
GETTASK
CLEAR
[OGETI (OINK library)
[ONMEN (OINK library)
MENUDT
CLEAR
GETTEXT
INITVEC
IOGETI  (OINK library)
IOGETR (OQINK library)
[OYORN (OINK library)
PAUSE
. [OGETC  (OINK library)
MENUDU
CLEAR
GETTEXT
INITVEC
IOGETI  (OINK library)
IOGETR  (OINK library)
IOYORN  (OINK library)
PAUSE
. [IOGETC  (OINK library)
MENUPS
CLEAR
GETTEXT
IOGETR  (OINK library)
IONMYXN  (OINK library)
IOYORN  (OINK library)
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Figure 1

The filter shape used to limit the frequency range in the time domain to fit in the 10-ps window.,
This functional form preserves the signal amplitude through most of the time domain and minimizes
ringing near the edges of the window.
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Figures 5a—d

Figure 5d

(a)-(d) Transmission profiles for four Gaussian filters with 2-MHz bandwidths (FWHM) and central

frequencies of 40, 70, 150, and 250 MHz, respectively.,
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Figures 6a-d

Figure 6d

(a)—(d) Impulse response functions for four Gaussian filters with 2-MHz bandwidths (FWHM) and

central frequencies of 40, 70, 150, and 250 MHz, respectively. Each filter has a built in time delay
cqual to approximately 2,12 yus.
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(a)-(d) Filtered transionospheric signals obtained for the default delta function with the four Gaussian

filters shown in Figures 5a-d, respectively. A TEC of 1 x 10" em “, Foun = ., and an SNR of

70 dB were assumed.
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of 70 dB were assumed,




FILTERED TIS TIME RESPONSE - FILTER

1

FILTERED TIS TIME RESPBNSE - FILTER 2

TSCNL.TI@N®, TRCVR =  4,000E+00 7.966E+00 2.120€E+00 TSCNL, TI@N@. TRCYR =  4.000C+00 2.660E+00 2,120E+00
2.5 pr ey T Tt 2.5 e,
2.0 2.0 F 3
: s ]
15k 1.5 F 3
1.0 f 1.of ]
T T ]
S S r 1
2 s 2 5f 3
J F ] 1
= [ & L ]
s ; z 3 ]
w 0r . 0 - b
o (] t 4
S 2 L 1
5 5t 5 eS¢ ]
a a L p
& z . ]
-0 F -0k 3
-LS F -15 | ]
+ I 4
[ s ]
2.0 -2.0 N
U e : 1
256 6 N e w w6 N e 0 oD oo o~ -2.5 4 . +
NOm oM om omom e e e e e s 8.0 8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.8
No o oo RS o nonnon) M i 1
TIME _[MICRASECANDS! IME(MICRRSECONDS
Figure 9a Figure 9b
FILTERED 1:5 TIME RESPONSE - FILTER 3 FILTERED TIS TIME RESPONSE - FILTER 4
ISGNL, TIBN@, TRCVR = 4.000E+00 5.883E-01 2.120€+00 TSGNL, T1@N@. TRCVR = 4.000E+00 2.130£-01 2. 120€+00
1.6 — T T—— ¥ T v — T T T T 5 T T T T v T T LE— T T T T
14
i al B
1.2k )
1.0 F 3+
.B
-~ B} _2r N
b b=
N q | N
2] . [
- . - | F
) =l
& .2 ) 4
= =
of 0t .
[ve) 19
S 2t S
= Eot
g -9 T ]
T _g &
-6k 2k ]
-8B} |
1.0 F -3+
.2 | ]
_q b -
1.9t |
-1.6 b 0 SRR VRSN ST TS " 1 L 1 1 -5 1 s i " 1 1 1 1 e
6.0 6.2 6.4 6.6 6.8 7.0 7.2 7.4 s.6 58 60 6.2 64 6.6 6.8 7.0
TIME (M]CRBSECANDS) TIME (MICRSECENUS)
Figure 9¢ Figure 9d
Figures 9a-d  (a)-(d) Filtered transionespheric signals obtained for the default delta fupction with the four Gaussian

filters shown in Figures Sa—d, respectively, A TEC of 1 x 10" em’

of 70 dB were assumed.
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Figures 10a-d

Figure 10d

(a)-(d) Filtered transionospheric signals obtained for the default detta function with the four Gaussian

filters shown in Figures Sa-d, respectively. A TEC of 1 x 10" em %, Fl., = | MHz, and an SNR

of 70 dB were assumed.
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(a)-(d) Filtered transionospheric signals obtained for the

Figure 11d

default delta function with the four Gaussian

filters shown in Figures Sa—d, respectively. A TEC of T« 10" em #, F, = ., and an SNR of

100 were assumed.
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Figures 12a-d  (a)-(d) Filtered transionospheric signals obtained for the default delta function with the four Gaussian
filters shown in Figures Sa-d, respectively. A TEC of 1 x 10" e¢m #, Fl.,, = . and an SNR of
10,000 were assumed.
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Figure 13c¢

Figure 13d

(a)-(d) Filtered transionospheric signals obtained for the default super-Gaussian pulse with the four

Gaussian filters shown in Figures Sa-d, respectively. A TEC of 1 x 10" em™ 2, £, = ., and an

SNR of 70 dB were assumed.
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Figure 14¢

Figures 14a-d

Figure 14d

(a)~(d) Filtered transionospheric signals obtained for the default super-Gaussian pulse with the four

Gaussian filters shown in Figures Sa-d, respectively, A TEC of 1 x 10" ecm™®, F.,, = 20 MHz,

and an SNR of 70 dB were assumed.
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Figure 15d

(a)—(d) Filtered transionospheric signals obtained for the default super-Gaussian pulse with the four

Gaussian filters shown in Figures Sa-d, respectively, A TEC of 1 x (0™ em ?, [, = 10 Milz,

and an SNR of 70 dB were assumed.
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Figures 16a-d

Figure 16d

(a)-(d) Filtered transionospheric signals obtained for the default super-Gaussian pulse with the four

Gaussian filters shown in Figures Su-d, respectively, A TEC of 1 x 10" em #, Feon = 1 MHz, and

an SNR of 70 dB were assumed.
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Figures 17a—d

Gaussian filters shown in Figures Sa-, respectively, A TEC of 1 x I{

SNR of 100 were assumed.

Figure 17d

(a)-(d) Filtered transionospheric signals obtained for the default super-Gaussian pulse with the four
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Figures 18a-d

Figure 18d

(a)~(d) Filtered transionospheric signals obtained for the default super-Gaussian pulse with the four

Guussian filters shown in Figures Sa-d, respectively, A TEC of | x 10" em 2, Fi, = x, and an

SNR of 10,000 were assumed.
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Figure 21 Transmission profile for a wideband filter with a central frequency of 130 MHz and FWHM of
40 MHz.
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Figures 22a-d  Results of quadrature detection with the filter shown in Figure 21 and for the default delta function
and an ionosphere with TEC = 1 x 10" cm %, F.,, = oc, and SNR = 70 dB. (a) In-phase compo-
nent (1), (b) Out-of-phase component (Q), (¢) Amplitude and, (d) Phase of filtered transionospheric

signal,
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Figures 25a—c

Figure 2S¢

Plots of transionospheric signals obtained for the default delta function, a TEC of 1 x 10" ¢m~*?

and three sets of paramelers (a) infinite coherence bandwidth and 70 dB SNR, (b) infinite coherence
bandwidth and 30 dB SNR, and (¢) 10 MHz coherence bandwidth and 70 dB SNR,
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Figure 26b

Figures 26a—c

Figure 26¢

The period squared computed by the FMTOA algorithm plotted vs, time for the wideband filter

shown in Figure 24a. The default delta function, a TEC of 1 x 10" ¢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 70 dB SNR, are assumed for the three

figures, respectively,
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Figure 27b

Figures 27a—¢

Figure 27¢

The period squared computed by the FMTOA algorithm plotted vs. time for the narrowband filter
shown in Figure 24b. The default delta function, a TEC of 1 x 10'* 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 70 dB SNR, are assumed for the
three figures, respectively.
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Figures 28a—c  Plot of the envelope of the received signai used by the leading-edge techniyue to time-tag the
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Figures 29a—c

Figure 29b

Figure 29¢

Plot of the envelope of the received signal used by the leading-edge technique to time-tag the

arrival of the signal in the narrowband filter shown in Figure 24b. The default delta function, a TEC
of 1 x 10" cm™? and the three sets of parameters (a) infinite coherence bandvwidth and 70 dB SNR,
(b) infinite coherence bandwidth and 30 dB SNR, and (¢) 10 MHz coherence bandwidth and 70 dB
SNR, are assumed for the three figures, respectively.
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Figures 30a—c

Figure 30b

-2

Figure 30¢

Plots of the cross-correlations of the wideband and narrowband filters shown in Figures 24a and b as
a function of the temporal shift (¢) between receivers. The default delta function, a TEC of
I x 10" em

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 figures, respectively.




Figure 31
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DT@A STUDY - 25 PBINTS

TEC (10xx13/CMxx2)

Plot of DTQA, obtained with the leading-edge algorithm for two narrowband receivers with central
frequencies of 150 and 50 MHz and a FWHM of 6 MHz vs. TEC for 25 values ranging from 0.1~
10 x 10" ¢m™2, The default delta function, Fron = 0o, and SNR = 70 dB were used as input pa-
rameters.
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Figure 32a-b

Figure 32a
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Results of the DTOA uncentainty study for two narrowband receivers with central frequenries of

150 and 50 MHz and a FWHM of 6 MHz. The TEC was fixed at I x 10'® ¢m™? and Gaussian
white noise was added to the input signal. The resulting filtered transionospheric signal was time-
tagged with the leading-edge algorithm for SNRs ranging from 102 to 105. (a) Mean DTOA and

(b) standard deviation from the mean were calculated using 25 realizations of cach SNR. The default
delta function and F.,, = oo were used as input parameters.
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Results of the DTCA uncertainty study for two narrowband receivers with central frequencies of

150 and 50 MHz and a FWHM of 6 MHz. The TEC was fixed at 1 x 10'* ¢m™* and the effects
of ionospheric scattering were included. The resulting filtered transionospheric signal was time-tagged
with the leading-edge algorithm for [, ranging from 1 to 20 MHz. (a) Mean DTOA and (b)
standard deviation from the mean were calculated using 25 realizations of each F.an. The default
delta function snd an SNR of 70 dB were used as input parameters.
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