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ABSTRACT

The ability to observe RF emissions through the ionosphere and the

degree to which useful information about the source may be gleaned

from such measurements is highly dependant upon the type of source,

frequency ranges of interest, the state of the ionospheric medium,

detector sensitivity and reliability of recovery algorithms used.

This paper analyzes the propagation, detection and discrimination

aspects of this observables problem as modeled by the Trans-

ionospheric Propagation Code (TIPC). Covered first are several

typical theoretical broadband source waveforms. Second, the physics

of deterministic dispersion is discussed along with the ionospheric

transfer function. Next, results from the TIPC for deterministic and

disturbed propagation are presented as well as white noise effects.

Results are then presented from a simple detection algorithm

utilizing a Gaussian filter function, and finally, a discussion on two

methods of source discrimination: spectrum reconstruction and

quadrature filtering.
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Generally, the TIPC is very useful as a baseline propagation code.

The ionospheric transfer function has been validated analytically and

provided an accurate representation of the source is used, the higher

order corruptive effects of noise and both deterministic and

non-deterministic dispersion may be modeled to gain insight to the

detectability and usefulness of the transionospheric pulse.
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INTRODUCTION

Of interest to the observables comnnunity is the capability to

detect transionospheric Radio Frequency (RF) electromagnetic pulse

emissions from a variety of strategic sources below the ionosphere,

discriminate among various characteristic signals to positively

identify the source, and to precisely determine source location. This

capability relies on the modeling of the physics of transionospheric

radio wave propagation to support detector development.

Although strategic sources such as Charged Particle Beams (CPS)

and nuclear detonations generate electromagnetic pulses (EMP)

containing frequencies in all portions of the electromagnetic

spectrum, of primary interest are those frequencies in the VHF RF

band from 30 MHz through 300 MHz. This frequency range is important

because it contains most of the information characterizing broadband

pulses which if recovered after propagation may be used in

discrimination. Frequencies above 30 MHz have the important

characteristic of being able to pass through the ionosphere losing

little or no energy and making detection somewhat easier in terms of

detectable power levels. However, those above 300 MHz fall in the

spectral range where signal strengths are substantially reduced for

the majority of sources of interest. In either case, detection is

hampered by background interference such as manmade and natural

noise as well as broadband transients such as lightning and further



by the signal disruptions caused by RF wave passage through a

turbulent ionosphere.

Of critical concern in this detection-location-discrimination

process is the feasibility of reconstructing the original time

signature of the VHF pulse from its waveform as modified by passage

through the ionosphere. This paper discusses a second generation

study of this modeling process and how the results affect basic

detector design. Presented is the theory behind a transionospheric

propagation computer code (TIPC) used to model the propagation and

detection of several characteristic waveforms of interest. The TIPC

contains a simplified representation of ionospheric propagation

effects which includes only the prominent effects of dispersion and

background. Such a simplified model is a first step in the

development of a far more complex and complete model. As such, it

allows definition and fine tuning of baseline transionospheric signal

(TIS) reconstruction algorithms based on higher order effects of

dispersion. Other effects including reflection, refraction, absorption,

and focusing are to be incorporated as the project progresses.

The purpose of this paper is to outline the source, propagation,

detection and signal recovery aspects of the VHF observables problem

modeled by the TIPC. In presenting the mechanics of the subject code,

this paper first discusses source waveforms and the physics of

ionospheric dispersion. Second, through treatment of the ionosphere

and satellite receiver as a series of linear systems with

corresponding transfer functions, modeling of propagation and



detection processes is achieved by convolving the transfer functions

against signal inputs. Finally, progress on frequency time-tagging

and signal reconstruction algorithms is presented. A graphical

representation of the problem and a generalized TIPC algorithm flow

chart is presented in Figure 1.

Specifically, the time-tagging algorithm determines time of

arrival (TOA) information of individual TIS frequency components. It

then uses TOA information to determine range to the source and

ionospheric conditions at the time of propagation. Mechanics of the

discrimination or signal reconstruction aspect of the problem is

presented using two algorithms. The first is an attempt to

reconstruct a portion of the frequency spectrum of the source signal

using several narrow-band receiver channels over the EM spectrum

region of interest. The other uses a quadrature filtering technique to

recover post-propagation phase and amplitude information as a

function of frequency. It then subtracts the estimated ionospheric

conditions at the time of propagation (determined using the TOA

algorithm) and inverse transforms the frequency domain signal to

obtain the original time signature.
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I. SOURCE WAVEFORMS

A variety of five waveforms have been used in this study as

representive signatures from a variety of source generators. They

include a simple delta function (impulse) for use in testing the

reliabilty of the code and understanding basic concepts, a theoretical

EMP waveform simulating the signature of a nuclear burst, two

theoretical charged particle beam (CPB) waveforms for simulating

the RF time signatures of CPB's, and finally, one example of actual

test ground data recorded at a CPB test. Included below for each are

the analytical formula of the pulse, a plot of its time signature, and

plots of the Fourier spectrum (FFT of input pulse) on linear and

logrithmic scales. The current version of TIPC uses a time resolution

of 1.0 nanosecond, a frequency step of 0.1 MHz with 100,000 point

arrays. Thus the maximum time window is 100 microseconds and the

maximum frequency attainable is 500 MHz. As evident from the

figures, all of these pulses are broadband with time durations less

than 50 nanoseconds and with a variety of power levels in the

frequency domain.

Delta Function.

The delta or impulse function is a theoretical pulse having finite

energy content and instant duration with no pulse width. The

spectrum of the impulse function is flat over the entire frequency

domain with amplitude one:



/""sCOe'^'dt = 1

Numerically, the theoretical delta function is here modeled by

assigning a single point an arbitrary amplitude. Figure I-1(a) shows

the time signature of a delta function delayed 40 psec in a 10.0 psec

sampling window. In order to maintain unit amplitude in the

frequency domain, the delta function is normalized to amplitude 1000

or one over the nanosecond time resolution in the time domain. Figure

I-Kb) shows its frequency spectrum on a log scale. Note the energy

of each frequency component is the same.

Electromagnetic Pulse (EMP).

This theoretical EMP is a double exponential of the form:

E(t) = E^,
max

where is the peak E-field strength, a and b are the rise time

and fall time of the pulse respectively and tg is the peak arrival time

defined as

tjj = ln(a/b)/(a-b).

Figure l-2(a) shows the EMP time signature. Figures l-2(b) and (c)

show the frequency spectrum on linear and log scales respectively.
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Supergaussian CPB.

This CPB waveform is represented here as a Supergaussian

function of the form:

= Ae V At ; + T Ape V Air ]

where A is peak amplitude, t^^ is arrival time of main pulse, At Is the

pulse width, n is an exponent which must be a multiple of two, and

the addition sum over r represents the contribution of reflections.

Figures 1-3 and 1-4 show the time signature and frequency spectra for

an input Supergaussian CPB without and with two reflections

respectively. Note the addition of peaks in the spectrum when

reflections are added. These reflections are typical of ground and

building reflections when the beam is fired.

Modified Gaussian CPB.

This theoretical CPB waveform is of the form:^

^ (RpBlnSinCo))
(i-Bcos(0)r)

with

'n 'c
l+e

Al

l+e ir

where 1^ = net current

8
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B  = beam velocity (v/c)

0  = angle from beam origin off beam axis to observer

Rq = size of radiating region

R  = distance from origin to observer

=  intial current at beam exit

tp = 10% rise time

tf = 90% fall time

t^ = pulse duration

A  = constant = 44

Figure 1-5 provides the same information as before. This

particular pulse has a reflection which overlaps the main pulse

causing the evident interference. The main pulse width is about 10

nanoseconds. Note the distinct shape of the spectrum and that most

of the energy of the pulse is contained roughly in the 5-80 MHz band.

Digitized Pulse.

The pulse shown in Figure 1-6 is a theoretical representation of an

actual CPB device.^ The similarities between this and the Gaussian

type models are evident, especially in the spectrum information.

The rest of this paper will demonstrate transionospheric

propagation and satellite receiver filtering effects using two of the

above waveforms: the impulse function and the Supergaussian CPB

with two reflections (Figures I-1 and 1-4).
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I I. TRANSIONOSPHERIC PROPAGATION

The following equation governs wave propagation in the ionosphere

based on simplifying assumptions and the derivation presented in the

Appendix.

a^Ey/d^z = - Ngqg2/a)2emg) d^Ey/at^. (ll-l)

This equation states the time-space variation relationship for the

electric field component, Ey, of an electromagnetic field propagating

in the z direction.

Phase Function Parameters

Note that (11-1) is of the form of the general equation governing

the propagation of any physical quantity, a, as a wave

a^A/a^z = (11-2)

which, if the propagating wave is sinusoidal and traveling in the

positive z direction, has the general solution of the form

A = A„cosw(t-z/v„) = (ll-2a)
U  0 0

where

v^ = phase velocity,

Aq = initial amplitude,

t  = time,

k  = wave number = 277/X = w/v^ = 2TTf/v^ and

z = distance of phase propagation from some initial location z^^

12



Also, Vg = (ue 13 pi^ggg velocity In a medium

characterized by its permittivity, p, and permeability, c The phase

velocity of EMR in free space is the familiar c = » 3x10®

m/s. Further, the ratio ti = c/v^ is the index of refraction which is

medium and frequency dependant for EMR. Rewriting gives

v^ = c/Ti = w/k^jii = w/k; k = k^Ti, T\i \ (ll-2b)

Hence, the wave number in a plasma medium is some fraction of its

free space value, k^^, as determined by r\.

Additionally, from (11-1), the quantity

Up = (N,q,2/ (11-3)
is the plasma frequency and may be viewed as the natural rate of

oscillation of electrons about their neutral positions due to random

electron motion in a collisionless medium in the absence of any

external electromagnetic field. Reduced, is soley a function of

plasma electron density, N ,
V

Up « 2TT8.98(Ng)^^2 Hz. (||-3a)

This expression is obtained by deriving the current density due to

motion of free electrons.

Using the expression for Up, letting a = E^, and equating the right-

hand-side coefficients of (II-1) and (11-2) gives the phase velocity of

a sinusoidal frequency component propagating in the ionosphere as a

13



function of ti which is itself a function of u.
'  p

Vj = (^ioCor'^^(l - Wp2/u2)"'^^ = C/Tl, (11-4)

Where ii = (I - Wp2/a)2)i/2

and k = kjjii = u/cl 1 - = w/v^ (11-5)

is the phase propagation factor for a wave in an ionized medium as

shown in (l l-2a). The constant k may be more formally obtained by

substitution of the sinusoidal solution (il-2a) into the wave equation

and solving for k or directly from the Appleton-Hartree formula using

the same assumptions.^-^^-^^

Dispersion.

When the phase velocity and hence wave number k of

electromagnetic radiation propagating in a medium of (p,e) are

dependant upon frequency, that medium is said to be dispersive. If the

medium is stable and homogeneous to the extent that its ion/electron

density does not vary significantly from location to location, the

effects of the plasma on a passing waveform are deterministic; the

effects are predictable in the sense that individual frequency

components are altered in phase relative to each other in a way

defined by the plasma dispersion relation (1 1-4). If the medium is

disturbed having greatly varying electron density, the phases of

component frequencies within selective regions of the waves

spectrum are altered in a completely random, unpredictable manner

14



with respect to the normal phase alteration of frequency components

outside the selective regions. The resulting time signatures after

propagation through the plasma for the benign and disturbed cases

may or may not look similar depending completely upon the density

structure of the plasma at the time of propagation.

Plasma Frequency Deoendance. in an ionized medium the

propagation constant, k, is frequency dependant. Mathematically, k is

generally complex, k = k^ + k.. It may be real, k^, imaginary, kj, or

complex dependant upon the relative values of the plasma frequency,

Wp, and the component frequency, w, as seen from (1 1-5). Note from

(11-3) that for a given electron density, Up is constant and in (11-5) k

depends upon u. For all frequencies greater than Wp, k is positive and

real and a wave propagating in the positive direction is described by

E  (11-6)
y  0

This wave propagates unattenuated in energy with phase velocity

unique to each frequency as defined by (1 1-4). Hence for these

frequencies, will undergoe dispersion. Note that for all w > Up the

phase velocity of each frequency component is greater than that for

free space and as w decreases and approaches Wp, the phase velocity

approaches at w = Wp. This apparent divergence must exist

mathematically in order for the phase of any element of a component

frequency in the plasma to remain oscillating at the frequency of that

15



component throughout the plasma. More specifically, since k in a

plasma is smaller than of free space by the factor of ti, and since

k=2T7/X, the wavelength of any component increases in the plasma.

Then since v. = u/k, for u to remain constant as k decreases, v must
"  0

increase.

Since physical detection of a single frequency is impossible, it is

here appropriate to introduce the concept of group velocity. That is,

the velocity of energy transport within a relatively narrow bandwidth

of frequency components (wave packet or group) is defined as:

Vg = d(i)/dk,

where, since from our phase velocity expression (o =

Vg = c(l-

Now, for w > (Op we see that the group propagates at some Vg < c. At (o

=  (Op propagation ceases since Vg = 0, and as expected, at (o < (Op Vg is

imaginary. Additionally, since any group of interest propagates at Vg,

the time of arrival of the central frequency of that group may be

obtained by integrating Vg over the path length traveled:

TOAg = |(l/Vg)dz = J l/c (1+(Op2/2(o^) dz = Az + a/(o^.

Group velocity is useful for determining propagation velocity, energy

transport and TOA information for narrowband signals and narrowband

measurements of broadband signals.

16



Continuing, for all w < Wp, k is imaginary; k—jkj. Hence, since j -

Ey = (11-7)

The phase wt is now independent of the propagation distance z, the

wave ceases to propagate as its amplitude decreases exponentially

with time. If a hypothetical source disturbance consisting only of

these frequencies occurs in the plasma, no wave will be generated,

only a locally pulsing electromagnetic field which vanishes

exponentially with distance from the source.'^ These frequencies

cannot be observed through the plasma. Thus, for any electromagnetic

disturbance producing these frequencies, its post-propagation

signature will lack this information; all o) < Wp will have been

reflected and, if the plasma is collisional, possibly absorbed.

Physically this phenomena works as follows. In a collisionless

ionosphere, electrons oscillate at Wp which is a function of the

electron density, N^. As a wave group passes, its E-field component

exerts a force, F, on the electrons of charge q, in accordance with

Coulomb's law,

F = qE,

where the resultant instantaneous velocity and acceleration of the

electrons is dependant upon the strength of E.

With the electrons oscillating at some constant value of cOp, for all

0) less than Wp the passing E-field reverses direction slowly enough to
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modify this rate of oscillation, producing electron currents which

re-radiate the passing field's energy in such a way as to bend or

reflect these wave components away from increasing electron

density. For all (i) i Wp, the inertia of the oscillating electrons

prevents them from reacting to the rapidly changing E-field of these

frequencies which propagate essentially unimpeded by the plasma

save for refractive path length effects (dispersion) caused by the

index of refraction for those oi close to For u i the electron's
p  p'

velocity and acceleration are out of phase with the driving force due

to their inertia and no energy is transferred in altering the motion of

the free electrons.

Total Electron Content. Apparently, from (1 1-3), if N is known for

any given region of the ionosphere then may be calculated for that

region. However, the ionosphere has large scale variations in its

electron distribution which vary with altitude, time-of-day,

geographical and seasonal changes.^^-^^ With respect to amplitude

variation, the may range from 10® to 10^^ electrons/m^ with peak

values occurring at altitudes close to 250 km or so. The plasma

frequency therefore varies from a minimum of 9 kHz in the lower

ionosphere to around 3 to 10 MHz at altitudes of peak density in the

ionospheric F-region. From (1 1-4), due to the dependance of the index

of refraction on Wp and therefore N^, the phase velocity, c/t^, of

passing wave components may vary with altitude along the
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propagation path. Dispersion modeling with this altitude variance is

achieved by representing variation as the line or path integral of

along the propagating path of the frequency components. This integral

Is naturally derived as a result of integrating the group velocity over

the path of propagation to obtain the group time of arrival. This

Integral is typically on the order of lO'^ electrons/cm^ and

represents an effective electron density cross section or total

electron content (TEC), It Is In essence the effective electron density

a passing wave would experience and be quantitatively modified by if

the electrons over some altitude range were condensed to a thin plane

layer.

Deterministic Dispersion. In a deterministic medium, the frequency

spectrum undergoes dispersion where each component frequency of

the spectrum Is modified In phase and propagates at a unique phase

velocity inversely proportional to that frequency; the higher

frequencies propagate at lower phase velocities than the lower

frequencies. This effect is evident from (1 1-4). If all frequency

components propagate in the same direction but with minutely

varying path lengths the relative effects of phase change in each

component causes the destructive or constructive interference of al l

frequencies over time to produce a pulse extended and distorted from

its pre-dispersed form. Hence, an original signal of finite short

duration in time would appear greatly expanded in time after passing

through the dispersive medium, its distortion In time being a function



of the relative deterministic phase change of each frequency

component. The envelope of this dispersed pulse is that of the group

or wave train produced by the summation of all frequencies and

travels at some average group velocity less than the free space speed

of light.

Graphically, dispersion effects may best be observed by analyzing

the transionospheric pulse of the delta function. Figure I I-Ha) and

(b) show examples of a dispersed impulse (delta function) input pulse

delayed in time an arbitrary 4 psec for deterministic ionospheric

TEC'S of I .Ox 10^^ and 0.1X10^^ electrons/cm^ respectively. Shown for

both is the 500-50 MHz region of the E field time behavior which is

essentially a snapshot of an otherwise infinitely long

post-propagation impulse time signature.

In Figure 1 1-1 (a) the 500 MHz component arrives at t = 4.054 psec,

a dispersion delay of .054 psec, while the 50 MHz component arrives

much later in time at 9.37 psec. As expected, the lower frequencies

are delayed far greater in time than the higher frequencies. Since an

impulse' spectrum consists of all frequencies, the extremely high

frequencies (gamma. X-ray, etc.) arrive virtually undelayed by the

plasma at near to = 4 psec, the time of the disturbance. The

extremely low frequencies arrive far off the shown time scale at near

t = oo.

Similarly, Figure 11-Kb) represents the same 500-50 MHz

frequency window but for a TEC of 0.1. As expected, for a lower TEC

the plasma effect is less pronounced with both frequencies and all
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\^/Figure 11-1, 500-50 MHz window of dispersed impulse function for TEC of
(a) 1.0x10^ ̂ /cm2 and (b) 0.1x10^ ̂ /cm^.



those in between arriving closer in time to the original input t^^. In

this case, the 500 MHz component arrives at 40054 psec or t^^ + 5.4

nanoseconds while the 50 MHz component arrives at 4.537

microseconds, a delay of 0.537 microseconds

Several additional features need to be emphasized. In both (a) and

(b), the higher frequencies arrive first, the lower last. Note that

although the frequency spectrum shown in Figure I-Kb) shows that

all components have the same energy and hence same amplitude at t^^,

dispersion has delayed in time and reduced in amplitude the lower

frequency components; the energy of these lower frequencies arriving

over a much longer time period. Additionally, comparing the 50 MHz

component in each graph, one sees that the amplitude reduction for a

TEC of 0.1 is less severe than that for a TEC of 1.0. Thus TEC has a

profound effect on the ability of a given detection system to measure

the post-propagation power signature at a given frequency. Finally,

free space time of propagation is not accounted for in this modeling

process, only group delays due to ionospheric dispersion. Also,

ionospheric cutoff of low frequency information (reflection of

frequencies below = 20 MHz) is not modeled. Hence it is unrealistic

to window the TI5 within these frequency ranges.

Figure l l-2(a) and (b) show the transionospheric time signature for

the generic electromagnetic pulse (EMP) generated by a charged

particle beam (CPB) shown in Figures l-4(a) for the same TECs of 1.0

and 0.1 respectively. The main pulse is centered at « t^^ = .03 usec
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followed by its composite building and ground reflections. Its

spectrum is shown in Figure l-4(b) and (c). Similar features may be

noted as those for the delta function in that dispersion time delays

for all frequencies are identical and amplitude variations occur.

However, these variations are more complex due to the nature of the

pulse frequency spectrum.

Pulse Amplitude/Energv. To consider a pulse's dispersed

amplitude over time, it is instructive, at least intuitively, to

consider that the Fourier representation of a pulse waveform consists

of an infinite number of frequency components combining

constructively to produce that pulse. Mathematically, each frequency

sinusoid exits for all time and the pulse is produced at a particular

time because of the superposition of the set of all frequencies as

defined by their unique phase and amplitude. Dispersion of the pulse

changes the relative phase and hence phase velocity of all component

frequencies such that the lower frequencies arrive at a detector much

later in time than the higher. Now, it was shown above that in a

collisionless plasma, little energy loss occurs for co >> cOp >> v^. (where

is the electron collision frequency with ions and neutrals). Thus,

the energy of a group of these particular components must be the

same after propagation as before in accordance with conservation of

energy. For these frequencies, then, phase changes but total energy

does not during propagation. Effectively, the energy within lower

frequency groups is dispersed or spread over a longer time frame than
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the higher so that these groups are reduced in amplitude to a greater

degree relative to the higher frequency groups. It is important to

understand that individual frequencies do not change in amplitude,

only groups of frequencies due to phase changes of individual

components. Thus, when a particular group of frequency components

arrives in time depends upon the relative phase alteration of its

components with respect to those of other groups and upon the

constructive interference of all individually phased components to

produce that group's signature. The change in amplitude of the same

group depends primarily upon the severity of dispersion (TEC) and,

with respect to measurement, additionally on the relative amplitudes

of the neighboring frequencies over some narrow bandwidth about the

frequency of interest. Because each frequency component is altered

differently, superposition in time results in amplitude loss or gain

depending upon how the superposed components interfere within a

narrow bandwidth: if a very wide or very narrow bandwidth is used

for observation, the more uncertain the amplitude measurement is,

this uncertainty being especially dependant upon background noise

level. It is important to realize that both time delay and amplitude

loss ultimately are results of phase alteration. Observation

(filtering) problems associated with power detection and the effects

of optimal filtering are discussed in Section IV.

Random Medium (scintillations). When the plasma medium exhibits

a random irregularly structured electron density distribution, that
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medium is said to be turbulent or disturbed.'*^ Whether this irregular

structure is natural or manmade, the effect on a passing waveform is

to introduce random phase fluctuations to its contributing sinusoids

resulting in random amplitude fluctuations in the composed

post-propagation time signature. Comparing propagation through a

benign or quiet medium, the time signatures of both cases may or may

not look similar depending upon the degree of structuring in the

medium. These amplitude fluctuations are termed scintillations.

Diffractive effects on propagating waveforms through the

ionosphere are probably most pronounced when the ionosphere is

disturbed by the EMP from high-altitude nuclear bursts. Propagation

of the EMP disrupts the benign electron density distribution creating

plasma striations of relatively high and low electron densities

aligned along geomagnetic field lines. This is represented in the

cartoon form of Figure 1 1-3. This striation approach to modeling a

disturbed ionosphere is a good approximation since all such irregular

electron density pockets tend to align and elongate themselves along

the geomagnetic field lines. Such striations have been observed to

develop following barium releases in the ionosphere.''^ Theoretical

effects of such a cloud are shown in Figure 11-4 Figure l i-4(a) shows

the relative effects of a deterministic Gaussian-shaped cloud. Figure

M-4(b) shows those of a striated cloud. Both effects are shown on a

propagating 50 km plane wave front with a carrier frequency of

approximately 1 10-140 MHz and envelope as shown for the

undisturbed portions of the deterministic case. In both figures, the
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Figure il-3. Propagation of signals through a disturbed translonosoherlc
communications channel.
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wave travels to the left and intercepts the cloud at Its center.

Figure l l-4(a) exhibits the predictable time delay associated with

deterministic dispersive phase alteration. The time scale Is In chips

where one chip « 97 nanoseconds. Portions of the wave Intercepting

the higher electron density at the center of the cloud show the

greatest dispersive time delay. Note that the wave envelopes do not

change drastically; the basic form of the pulse Is still recognizable.

Some effect Is noted In amplitude gain for the wavelets Intercepting

the outer portion of the cloud due to focusing of some frequencies of

the Inner sections to the outer edge. Beyond this example, however,

focusing Is not addressed In this paper. Also, significant dispersive

spreading of the original pulse of amplitude one occurs for the center

section where the highest electron density Is encountered.

Figure l l-4(b) shows the effects of a disturbed ionosphere for the

same propagating plane wavefront. This dispersion pattern is

characteristic of the effects of the same broad band pulse used In

Figure l l-4(a) but propagated through an established barium cloud in

which the electron density Is now striated. Because of the

randomness In the number, density, and dimensions of each striatlon

encountered by each wavelet along Its propagation path, the

components of each wavelet are modified In phase differently than

for any other wavelet along the wavefront. Hence, the composed time

signature after propagation for each pulse will differ from any other;

each time signature Is delayed in time and modified in amplitude

differently from any other due to the unique phase delay experienced
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by each of its component frequencies. Each in essence is a different

"realization" of scintillations effects based on the unique structure

ecountered by each wavelet. The purpose of Figure 1 1-4(b) is to show

the infinite variety of random time signatures possible after

transionospheric propagation. In the modeling process, these different

realizations are quantified by specifying the frequency coherent

bandwidth, or

Freouencv Coherent Bandwidth. The quiet and disturbed ionosphere

may be discussed in terms of being frequency coherent and frequency

non-coherent respectively. Frequency coherence refers to the extent

that groups of component frequencies propagate unchanged with the

same relative phase. Highly coherent or frequency non-selective

media allow deterministic phase alteration and coherent propagation

of all component frequencies, highly incoherent or frequency

selective media cause random phase alterations throughout the

medium along a particular propagation path and only allow certain

bandwidths of information to propagate through in phase. The

so-called coherent bandwidth is uniquely defined based on the

particular structure of the medium along any given path. For the

benign ionosphere, is effectively infinity. For the disturbed

ionosphere, each propagation path may be characterized by a unique

as is apparent in Figure I I-4(b). If any two paths are

characterized by the same portions of the wave propagating along
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these two paths may differ In their time signature appearances for

two different realizations of path stucture for that

The following are results from incorporating a scintillations code

named CIRF into TIPC.^^ This model Introduces phase shifts to

frequency components over narrow bandwidths of a propagating signal

as parameterized by Figure 1 1-5 shows the effects of a disturbed

ionosphere on the propagated delta function for a frequency range of

500-70 MHz. Figure l l-5(a) is that for a deterministic ionosphere of

TEC of 1.0. Figures (b) through (d) are for disturbed ionospheres of

TEC = 1.0 additionally characterized by f^.Q^of 20.0, lO.O and 0.1 MHz

respectively. Amplitudes of the scintillated pulses have not been

normalized so those for (b), (c) and (d) are relative and as shown have

no relationship to the amplitudes in (a). Note that the time range of

the pulse in all cases appears to be identical. Actually this is an

effect of numerically windowing the entire pulse based on

deterministic time of arrivals for the 500 and 70 MHz limits.

Additional dispersion occurs in the disturbed cases which is

approximately equal to l/fcoh '"' the 20 MHz case has an

additional time delay of « 50 nanoseconds beyond the end time shown

for 70 MHz while the 0.1 MHz case has an additional delay of 10 /jsec

which is not accounted for in the windowing process. In other words,

portions of the wave arrive some 10 psec after the 70 MHz time of

arrival shown in Figure l l-5(d). The frequency content of this

extended information is unknown and indeterminable. Note also the
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lobed structure of the envelope. Each lobe is roughly equivelant to

in time-width. That is, the lobes are those frequency ranges in

which the components arrive in much the same relative phase as they

do in the benign case (a). Regions between these lobes are those

where random phase fluctuations have caused severe interference.

Even with the distortion the frequency coherent regions roughly

maintain the same envelope as the same regions of the benign case as

is evident when overlapping the envelope of (a) with (b) or (c). The

typical severe interference evident in (d) for very low prevents

envelope comparison. Figure 1 1-6 shows the similar effects for the

CPB pulse for a frequency window of 500-100 MHz. Satellite receiver

filtering is greatly complicated by such random structure and is

discussed in Section IV.

Background.

Two types of background should be considered in the propagation

and detection of VHP waveforms. Natural background is that due

primarily to galactic noise and broadband transients such as

lightning. Manmade sources include narrow band interference such as

TV, radio, etc. To underscore the significant effect of lightning

strokes consider Figure 1 1-7.'^ Without going into details presented

in the source for this figure, this entire flash is ~ 936 milliseconds

in length with individual short duration (broad bandwidth) return

strokes on the order of a few nanoseconds. Note that this is roughly
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Simuluneoiu records of the amplitude of the VHF envelope and the electric field intensity at 9 and 11 km,
respectively. The total flash lasted 936 ms, of which we show the first 837 ms. Rl, R2, and R3 represent the first, second,
«n<t third return strokes, respectively, SL is the stepped leader before Rl, DL is the dart leader before RZ, and SDL is the
stepped dart leader before R3, J1 and J2 are the interstroke processes. FR is the activity following the first return stroke:
Sfs are the solitary pulses. The electric field decays exponentially with a S s time constant owing to the antenna system
used. Because the VHF recorder had a 400 Hz lower cutoff frequency, the VHF radiation out of the recorder has no fre
quency components below about 400 Hz and hence is roughly symmetncal about a centerline through the radiation.

Figure 11-7. Example of transient broadband background. Lightning stroke
recorded at Kennedy Space Center. (Ruston, et al.)



the same duration of the pulses modeled in this study. "IC" in the

figure refers to intercloud discharge.

White Noise. Although the existing code does not yet include the

capability to add transient background to a propagating signal, it does

have the capability to model the background noise similar to that in

Figure 11-7. White noise may be added to the signal before

propagation to study the effects on the propagated waveform as well

as on numerical modeling. White noise signal to noise ratio (5NR) is

numerically modeled at the ground as the ratio of input signal

amplitude at a given frequency over a given bandwidth to white noise

amplitude at the same frequency and bandwidth.

Figure 1 1-8 shows the effects of a noisy delta function propagated

through a deterministic ionosphere of TEC = 1.0. Figure l l-8(a) is the

input signal with an SNR of 100. Figures (b), (c) and (d) are the

500-50 NHz portion of the transionospheric signal for input SNR's of

200, 100, and 20 respectively. Note that in (b) and (c), the high

frequency end is relatively less affected by the noise than the low

frequency end. Due to the nature of white noise, dispersion does not

affect the noise amplitude from its input value. Noise is produced by

adding to each point of the signal array a spike of random amplitude

and sign. Each spike is essentially a delta function which when

dispersed and summed with all other dispersed spikes produces no net

change in the rms noise value. The pulse however, being a single

occurance, reduces in amplitude at the low frequency end. Thus lower
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frequency information is masked by the noise to a greater degree than

the higher. Note however, that for the SNR of 20 case in (d) that the

noise level is high enough to destroy the pulse regardless of

frequency.

Figure 11-9 shows noise effects using the same SNR for the CPB.

Due to the nature of the CPB pulse, a SNR of only 50 is needed to

completely obliterate characteristics of the noiseless TIS.
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I I I. PROPAGATION MODELING

Ionosphere as Linear System.

The ionosphere, under the simplifying assumptions presented in

the Appendix, may be mathematically modeled as a linear, causal,

time-invariant system. Schematically, see below.

V,(t) l(t) VjCt)

Here the input V,(t) is operated on by the system impulse response

function, l(t), resulting in the output, V2(t). System linearity

dictates that the output be a linear variation of the input. System

time invariance dictates that a time delay in the input produces an

equal time delay in the output. Cuasality dictates that the system

produces no response prior to the time of the input.

Fourier Analvsis.

The reciprocal relationship between frequency and time allows

transformation of a waveform as a function of time to one in the

frequency domain,

SCw) = J V(t)e'-i"^dt, (1 1 1-1)
and conversely, from the frequency domain to the time domain,

V(t)= 1/2TT J S(a))ej"^d(i), (I I I-2)
where S(a)) is the waveform frequency spectrum.

If a sinusoidal waveform is applied as an input,
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V,(t) = A(cos<i)t + jsinwt) = (1 1 1-3)

then the output is also sinusoidal, of the same frequency, but possibly

differing in amplitude and phase as determined completely by the

characteristics of the system;

V2(t) = B[cos(wt+0) + jsin(wt+0)] = (I I I-4)

Mathematically, these characteristics are expressed as the system

transfer function as a function of frequency, Kw), or as its impulse

response function as a function of time, l(t), both of which are

transforms of the other,

T(ci))= Jl(t)e~i®^dt (1 1 1-5)

Ionospheric Transfer Function.

From Section I I, a propagating waveform was shown to be modified

(dispersed) due to the variation of the wave number, k, as a function

of plasma frequency and therefore of ionospheric electron density.

The component frequencies of the propagating waveform are modified

in phase as a function of frequency as determined by k. Due to this

frequency dependance, modeling of the dispersion process may be

conveniently done in the frequency domain. If the transfer function is

known, the input V,(t) may be decomposed into the spectrum 5,(a)) of

its component frequencies by applying (1 1 1-1), Each frequency may

then be operated on by Kw) and modified in phase and/or amplitude as

a function of the same frequency. The summation of the results of

this operation being performed for all frequencies is the output
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waveform as a function of frequency, SjCw). This may then be

transformed into its time signature by application of (1 1 1-2).

Mathematically, the frequency domain operation with Ku) is

performed by multiplication of the input spectrum by Kw) to obtain

the output spectrum,

S2(w) = S,(w)T(0), (I I I-6)

where, from comparing (1 1 1-3) and (1 1 1-4), Ku) is of the form

Ku) = I3/A (I I I-7)

Considering only u > (Op, the waveform frequencies are essentially

unaffected in total energy by the plasma during propagation, 13 = a and

the transfer function for these frequencies is soley a function of the

phase change variable, 0((o).

T(&)) = (1 1 1-8)

where 0(&)) is the path integral of the correction term of (1 1-5),

k = kjjTi = (i)/c[ 1 - (cOp/u)^]'^^ . (1 1-5)
That is, if expressed as the high order terms of a Taylor expansion k

may be written as

k « a)/c[ 1 - i/2((0p2/(i)2)] = a)/c - «p2/2(ix: = k^ + 0'(co),

where 0(w) « {0'(&))dz. (I l l-9)

Signal Phase Modification.

From the Appendix, the source waveform at some initial position
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below the ionosphere is

Ey(z,,t) - d 11" 10)
By definition, Its Fourier transform Is

E^,(z„,(o) = J E^(z,,t)e'J"'dt. (I I I-ID
Using (1 1 1-6), for some altitude z, above the ionosphere, where

AZ'Z,-Z„,

= Ey(z^,(o)T(«), (1 1 1-12)

= T(a))jEy(z^,t)e'j<«»^dt, (12a)

= ej0(c«>)j£ g-hAZgj(a)t-|kdz)g-j(ot(j|.^ (12b)

= AjeJ^te-j^^VJ'^^ej^^^^dt, (12c)

= Aje-Jk^ZeJ®(")dt, (12d)

(12e)

Now, transformation back Into the time domain gives

Ey(z,,t) = l/2n JeJ"^d(ojAe"J^'^^^'®^"% (1 1 1-13)
where A = and hAz is an amplitude decay factor defined in the

Appendix. From (I I I-9) the phase correction term of is cOp and

dependant and when integrated over some finite altitude range

introduces the TEC concept discussed in Section I I:
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^  ̂1

f0'(&))dz = -(q^/2w£ m c) f N dz = -l/wQ(TEC) (lll-M)
J  e 0 e J e

where Q is constant. Using this result, (1 1 1-13) may be rewritten as

Ey(Z|,t) = I/2tt JdujAe'j''*"*''" dt, (111-15)

=  t/2n JdujAe-J^-KK/o")"- dt,

-  I/2TI |d<ojAe-WH(k/rf«-Q(TEC)/o.'}I(jt

where the quantity within [ ] is the time of arrival (TOA) of each

individual frequency component as dispersed in time by the

ionosphere. It is this TOA information which must be recovered for

each frequency in order to reconstruct the input waveform after

propagation through the ionosphere. Methods and problems dealing

with this recovery are treated in Section IV.
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IV. MODELING OF SATELLITE DETECTION

The previous sections dealt with the physics and modeling of

propagating a wideband pulse through the ionosphere. This section

deals with the detection-location-discrimination problem associated

with a space borne receiver. More specifically, detection is here

crudely defined to be a simple receiver filtering process which

isolates information about a frequency of interest. Location of a VHP

source from space is necessarily a ranging problem possibly involving

a constellation of many receivers using a triangulation for precision.

Finally, discrimination involves the capability to recognize, either by

analysis of telemetry on the ground or aboard the platform, VHP

portions of characteristic source waveforms or other peculiararities

thereof.

This section first discusses the receiver filtering function. It then

proceeds with a time of arrival (TOA) analysis useful in the location

problem and finally deals with discrimination using TOA information

and the technique of quadrature filtering.

Receiver Filtering.

Filtering at the receiver allows determination of the time of

arrival (TOA), power at the receiver and other useful parameters

defining the filtered information of chosen discrete VHP frequency

components of the transionospheric waveform. The TOA information

may be processed for range determination and in a limited way, signal
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reconstruction as discussed in the following sub-section.

As similarly applied to ionospheric propagation, the concept of a

causal, time-invariant, linear system may be used to model the

receiver filtering process as shown Figure IV-1.

—V t)V. t L(t) TOA
2F

Figure IV-1. Li near Model of Satellite Receiver.

Here, Vjft) is the transionspheric signal (TIS), the output of Section I I

propagation modeling, lp(t) is the impulse response function or

characteristic waveform of the receiver filter, and V2p(t) is the

filtered TIS. In the overall context of signal propagation and

detection, and using the basic Fourier analysis concepts of Section

I I I, this series of linear systems appears as in Figure IV-2.

Time Domain Modeling

l(t) V(t)V^(t)-

Input
Waveform ionosphere Tis

(t) V.(t
2F

Receiver
Filter Filtered Signal

S/u) 1(0 S_((o) TJ(o) S  (0)
2F TOA

Frequency Domain Modeling

Figure IV-2. Overall Propagation/Detection System Schematic.
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For this study, TpCw) is the filter transfer function based on a

Gaussian filter function of the form

G(t) = dV-D

which is chosen to be of some arbitrary width (FWHM) and centered at

some arbitrary central frequency, w^, and where

Tp(«) = Jlp(t)e"j"^dt, (IV-2)
and,

lR(t) = G(t). (lv-3)

The output, 52F((i)) is the filtered TI5 frequency spectrum.

As in Section 1 1 1, the filtering may be performed in the time

domain as the time convolution of the filter impulse response

function and the time domain TIS,

V2F(t) = lp(t)*V2(t). (IV-4)

Heuristically speaking, this convolution process breaks up V2(t) into a

sequence of impulses and expresses V2F(t) as the sum of the

responses of each component impulse to the filter function. However,

since TOA analysis is based on isolation and time tagging of

individual frequency components, the filtering may be performed in

the frequency domain by using

S2F(a)o) = 1^(0)^)82(0)). (IV-5)

Here the component frequencies are isolated by specification of G(t)
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and therefore TpCw) to allow filtering out of all frequencies except

those within some narrow bandwidth centered at the frequency, of

interest. As such, S2p((i>) contains amplitude and phase information

only for the frequencies within the chosen frequency bandwidth

centered at For purposes of example, this paper makes use of

Gaussian filter functions centered at = 150 MHz and 50 MHz both

with a width of 2 MHz, shown in Figure IV-3(a) and Figure IV-4(a)

respectively,

When the 150 MHz filter TpCw) is applied to the TI5, 52((«)), In

essence all component frequencies of the waveform are filtered out

except for 149 MHz through 151 MHz and similarly for the 50 MHz

filter. If the impulse TIS shown in Figure Ii-1(a) is processed with

the 150 MHz filter in Figure IV-3(a), the results are the filtered TiS

spectrum, filtered time signature and filtered power signature shown

in Figures IV-3(b), (c) and (d) respectively. The power signature is

obtained by squaring the amplitude signal and filtering out the high

frequency oscillations with a 10 MHz low pass filter. The same

results for application of the 50 MHz filter are shown in Figure

i V-4(b), (c) and (d).

Since only the phase of the TIS is altered and the frequency

spectrum remains the same, the information shown for the frequency

spectrum in Figures IV-3(b) and IV-4(b) is identical to that contained

in the appropriate 2 MHz bandwidths of Figure I-Kb). Additionally,
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SPEITRUM OF FILTERED TBABSOJUTE VAUJE OF GAUSSIAN FIUEK

rimMummiaaQ za

rmtjoctwn

(a)

FILTERED TIS
GAUSSIAN aO MHz AT 150.0 MHz
S

RBCEfL** 2J2

lit

TDIEUiS)
an lOM tui lUi

FILTERED TIS POWER
GAUSSIAN aO MHz AT 150.0 MHz
i

(C) W)

Figure lY- 3. Filtered Trensionoepheiic Delta Function (TEC« 1.0,150 MHz).
(a) Supergausalan filter function centered 2 MHz bandwidth about
150 MHz. (b) Delta function filtered power spectrum; oscillations
are due to numerical noise, (c) TIS filtered with i 50 MHz filter.
REC DEL Is receiver delay which Is a function of central frequency,
(d) TiS power produced by squaring signal in (c) and applying a
10 MHz low pess filter.
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ABSOJUTE VALUE OF GAUSSIAN FUJER
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(a)

FILTERED TIS
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Figure iy-4. Filtered Treneionoepheric Delte Function (TEC- 1.0, 50 MHz).
(a) Supergauaalan filter function centered 2 MHz bandvldtti about
50 MHz. (b) Delta function filtered poverapectrum; oacillationa
are due to numerical noiae. (c) TIS filtered with 50 MHz filter.
REG DEL ia receiver delay which la a function of central frequency,
(d) TIS posi^r produced by equaling algnal In (c) and applying a
10 MHz low peaa filter.
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since the delta function frequency spectrum is unity for all

frequencies and the absolute value of the gaussian filters is one, the

convolution of the TIS and the gaussian filter produces the filter

function itself centered about the of interest with amplitude

defined as a function of the bandwidth used and the ionospheric

disperion affects on group energy spread.

The time signatures show the effects of dispersion and time

delays associated with the filtering process. Each filtered pulse

contains information between ± 1 MHz. In the 150 MHz case, the

actual TOA is 6.71 psec which is the sum of the initial 4 psec delay

time, the 0.59 psec ionospheric delay and the 2.12 psec delay time of

the filter. For the 50 MHz signal, the actual TOA is 1 1.49 psec, the

sum of the same initial delay and filter delay but with a greater

dispersion delay of 5.37 psec.

Note also the peak amplitudes and signature widths. While each

component Initially propagated with an amplitude of 1000 Volts/m,

the reduction in amplitude and hence power over 2 MHz of Interest Is

evident. For the 150 MHz component the signature width Is ~ 15.7

nanoseconds, with amplitude of 4.24, reduced by a factor of 236 over

the Input signature value. Its power Is reduced to ~ 8.98 W/m^ from

the Input 5(10®). For the 50 MHz component the signature width is ~

429.6 nsec with an amplitude of « 3.6, a factor of 278 reduction from

the input and a reduction of power to 6.5 W/m^. Note the greater the

ionospheric dispersion time, the greater signature spread and



reduction in amplitude and power for the lower frequency groups.

Similar results for the CPB EMP TIS presented in Figure ll-2(a) and

power spectrum of Figure l-4(c) are shown in Figures IV-5 and IV-6.

The TOA information for the same central frequencies are not as

predictable since, unlike the delta function, nothing is known about

the initial start, t^^, of each component, except that all of its spectral

components superpose within the 20-30 nanosecond width of the

pulse as shown in Figure l-4(a). In this respect the delta function is

very useful in testing and gaining confidence in a modeling algorithm.

Noise Effects. Figure IV-7 shows the TIS (a), filtered TIS (b) and

filtered TIS power (c) for a noisy input Impulse function with

amplitude signal to noise ratio at the ground (pre-propagation level)

of 200. Figure IV-7(d), (e) and (f) are the same for a ground amplitude

SNR of 20. The SNR is normally defined to be the ratio between

signal power within some narrow bandwidth about some central

frequency over the noise power within the same bandwidth:

« Ug + au/2

SNR = I s\u)du
•'Ug - au/2

-Ug + au/2

■j" I n\w) dw
■'ug - au/2

Here, is the central frequency of interest and au is the bandwidth.

For a delta function input, this definition reduces to A/N where A is
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Figure lY-5. Filtered Traneionoepheric CPB (TEC» 1.0,150 MHz).
(a) Supergaussian filter function centered 2 MHz bandvidth about
150 MHz. (b) CP6 filtered power apectrum; oacillationa
are due to numerical nolae. (c) TIS filtered with 150 MHz filter.
REC DEL la receiver delay which la a function of central frequency,
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Figure iy-6. FilteredTreneionoephericCPB (TEC« 1.0,50 MHz).
(e) Supergauseien filter function centered 2 MHz bendv/idth about
50 MHz. (b) CPB filtered povcr epectrum; oecillatione
are due to numerical noise, (c) TIS filtered vith 50 MHz filter.
REG DEL is receiver delay vhlch Is a function of central frequency,
(d) TIS pover produced by squaring signal in (c) and applying a
10 MHz lov pass filter.
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the amplitude of the input signal and N is the rms noise level. Both

are filtered with the 150 MHz Gaussian filter used above. Figure IV-8

shows the same information for the CPB EMP. Note the additional 150

MHz noise information scattered randomly about the primary peak in

all cases. Also note that for the delta function in Figure lV-7,

although the noise power is evident, the peak of interest is very

prominent and, depending upon the detection system used, possibly

very detectable in each case. In addition, note the amplitude

increases for the lower SNR case in all three plots.

For the CPB of Figure IV-8, the effects are much worse due to its

unique energy content as shown in its frequency spectrum. In both

SNR cases, the 150 MHz information of interest is visible in these

time signatures centered at approximately 2.70 jisec. Because the

pulse has been centered in the window, noise shown between -2.50

and 0.0 psec is actually wrapped around from the right sides of

Figures IV-8(b), (c), (e) and (f). For SNR=200, the peak power is

clearly seperate but potential exists for confusion in measurement

due to the close proximity of random noise peaks of comparable

magnitudes. In the SNR=50 case, however, the 150 MHz information of

interest is completely overshadowed by the adjacent noise power

peaks. Structure of the noise lobes in each case are similar because

the same statistical realization of noise was used in each.

As shown below, such noise levels have the potential of upsetting

any time-tagging algorithm, inducing levels of uncertainty dependant

upon the degree of noise.
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Scintillations Effects. Figure lV-9 shows the TIS (a), filtered TIS

(b) and filtered TIS power (c) for the transionospheric delta function

after propagation through a disturbed ionosphere characterized by an

of 20 MHz and TEC of 1.0. Note that the coherence bandwidth is

held constant over the entire frequency range shown. That shown in

(d), (e) and (f) is for an of 0.1 MHz. Both cases were filtered using

the same 150 MHz gaussian filter with a 2 MHz bandwidth. Similar

information for the CPB EMP is shown in Figure IV-10. Note the loss

of the signal for the two cases for of 0. 1 MHz in Figures IV-9 and

IV-10 (e) and (f). In these cases the correlation time for coherent

phase propagation is much less than that for the system operating at

a bandwidth of 2 MHz. The potential distruption here may be greater

than for white noise depending upon how well noise background is

understood and the efficiency in which both effects may be backed out

in the location and/or discrimination algorithms. Incidentally, TIPC

has the capability to combine noise and scintillations effects

simultaneously.

Source Location.

TOA Analysis. Due to ionospheric dispersion, the propagation path

lengths, ctj, of any two discreet frequencies differ, where

ct = R +KN/f2, (IV-6)

58



T
R
A
N
S
 I
O
N
O
S
P
H
E
R
I
C
 P
U
L
S
E

F
X
:
B
=
 
2
0
 .
 M
H
z

F
I
L
T
E
R
E
D
 T
I
S

G
A
U
S
S
I
A
N
 
2
0
 M
H
z
 A
T
 1
5
0
0
 M
H
z

R
f
C
 D
E
L
 -
 
2
1
2

F
I
L
T
E
R
E
D
 T
I
S
 P
O
W
E
R

G
A
U
S
S
I
A
N
 
2
0
 M
H
z
 A
T
 1
5
0
.
0
 M
H
z

T
R
A
N
S
 I
O
N
O
S
P
H
E
R
I
C
 P
U
L
S
E

F
C
B
=
 
0
.
1
M
H
z

F
I
L
T
E
R
E
D
 T
I
S

G
A
U
S
S
I
A
N
 

2
.
0
 M
H
z
 A
T
 1
5
0
.
0
 M
H
z

F
I
L
T
E
R
E
D
 T
I
S
 P
O
W
E
R

G
A
U
S
S
I
A
N
 

2
.
0
 M
H
z
 A
T
 1
5
0
.
0
 M
H
z

Re
la
ti
ve
 s
ci
nt
il
la
ti
on
s 
ef
fe
ct
s 
o
n
 p
ro
pa
ga
te
d 
de
lt
a 
fu
nc
ti
on
 f
il
te
re
d 

wi
tt
i

1
5
0
 M
H
z
 g
ua

ss
ia

n 
fi
lt
er
. 
Fi
gu
re
s 
(a
),
 (b
) 
a
n
d
 (
c)
 sf

io
w 

tt
ie
 T
IS

. 
fi
lt
er
ed

T
I
S
 a
n
d
 f
il

te
re

d 
T
I
S
 p
o
w
e
r
 s
ig
na
tu
re
s 
fo
r 
fr
eq
ue
nc
y 
co
ti
er
en
t 
ba
nd
wi
dt
h)

of
 2
0
 M
H
z
.
 F
ig
ur
es
 (d

),
 (
e
)
 a
n
d
 (
f)
 a
re

 f
or
 a
 c
ot
ie
re
nt
 b
an

dw
id

th
 o
f 
0.
1 
M
H
z

Am
pl
it
ud
es
 a
re
 r
ei
at
iv
e.
 N
ot

e 
lo
ss
 o
f 
si

gn
al

 a
t 
t =
 6
.7

1 
fo
r 
0.
1 
M
H
z
 d
u
e

to
 s
ys
te
m 
2
 M
H
z
 b
an

dw
id

th
 b
ei

ng
 g
re

at
er

 t
ha
n 
th

e 
co

he
re

nt
 b
an

dw
id

th
.

Fi
gu

re
 I
V-
9.



T
T
M
G
C
/
^

Fi
gu
re
 I
V-
10
. 

Re
la
ti
ve
 s
ci
nt
il
la
ti
on
s 
ef
fe
ct
s 
o
n
 p
ro
pa
ga
te
d 
C
P
B
 
fi
lt
er
ed
 w
it
fi
 
1
5
0
 M
H
z

gu
as

sl
an

 f
il

te
r.

 F
ig
ur
es
 (a

),
 (
b
)
 a
n
d
 (
c)

 sf
io
w 
th
ie
 T
IS

, 
fi

lt
er

ed
 T
I
S
 a
n
d

fi
lt
er
ed
 T
I
S
 p
o
w
e
r
 s
ig
na
tu
re
s 
fo
r 
fr
eq
ue
nc
y 
co
fi
er
en
t 
ba
nd
wi
dt
fi
 o
f 
2
0

M
H
z
.
 F
ig
ur
es
 (
d)

, (
e
)
 a
n
d
 (
f)

 a
re

 f
or

 a
 c
of

ie
re

nt
 b
an

dw
id

tf
i 
of

 0
.1

 M
H
z
.

Am
pl
it
ud
es
 a
re
 r
el
at
iv
e.
 N
o
t
e
 l
os
s 
of
 s
ig
na
l 
at
 t
 -
 2
.7
 f
or
 0
.1
 M
H
z
 d
u
e

to
 s
y
s
t
e
m
 2
 M
H
z
 b
an
dw
id
th
 b
ei
ng
 g
re
at
er
 t
ha
n 
th
e 
co
he
re
nt
 b
an
dw
id
th
.



ct^ = actual propagation path length from source to receiver,

Rj = straight line distance from source to receiver,

K  = ionospheric transfer function constant,

Ng = electron density which is proportional to ibC,

c  = speed of light in a vacuum, and

tj = TOA of a discreet frequency,

Thus for two discreet frequencies,

ct, = R, -KNg/|,2 (IV-6a)

and, ctj = R2 + t<Ng/f2^.

Now, if I, ~ fo such that If.-fJ « 1 then R, ~ and both R, and R^
l  i 'A ' I -*: i -i 1 4:

may be replaced by R, resulting in two equations with two unknowns

R, and N^. Solving simultaneously for ct, and eliminating gives

ct, = R + C(t2-t,)[f22/(f22-f,)2]. (IV-7)

Solving for R gives

R = ct, - c( t2 - t,) [f2^/(y-|,2)], (IV-8)

where t2 -1, is the delta-TOA or DTOA between the two frequencies.

Now the error in R, measured as a function of t, and t2 is given as

aR =[ (dR/dt,)2At,2 + (IV-9)

where At, and At2 are the uncertainties in the TOA measurements

performed by the system in use.'^ More specifically, as applied to R

above,
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AR = {c[At,2 - (|22/(l22-f,2))A(At)]l'^^ (IVHO)

Where A(At) is the DTOA uncertainty, At being tj-t,. Thus the

distance and the uncertainty of this distance from the source to the

receiver may be calculated if TOA and TOA uncertainty information is

determined for two very close frequencies. If several measurements

are simultaneously obtained from differently located receivers,

triangulation techniques may be used to precisely locate the source.

TOA and DTOA errors are induced both by receiver limitations and

by the degree to which background and ionospheric dispersion disrupt

accurate TOA measurements for a given detection system. Therefore,

efforts to understand these effects are important. The following

subsection discusses one of the modeling methods used in the TIPC

for determining TOA and DTOA information and uncertainties for both.

Leading Edge TOA Analvsis. This analysis makes a linear fit to the

leading edge of the filtered TI5 power signature. It finds an estimate

for the TOA of the central frequency by using the higher frequency

portion of the filtered signal arriving first at the leading edge.

Specifically, this algorithm determines the peak power and

locates the 1/3 peak and 2/3 peak points above a chosen noise

threshold. A linear fit is made through these two points and the TOA

for the central frequency is computed using

^ ^^1/3 ~ ̂ 2/3' (IV-1 1)
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which Is derived from the equation of the straight line fitted. Here,

t^/3 and t2/3 are the arrival times of the 1/3 and 2/3 peak power

points. Figure IV-1 1 provides an example of this method using the

clean delta function power signature of Figure I V-3(d). As might be

LINEAR FIT TO LEADING EDGE
FILTERED TIS POWER

s

LINEAR FIT TDA = 6.44 ̂iS

TRUET0A= 6.71^

&S0 S.76 000 826 etSO ft.7B 7X)0 72B 7JB0 7.78

TIMEyi$)

Figure IV-11. Simple example of leading edge fit to 150 MHz delta function
pover spectrum after propa^on through Ionosphere of TEC
» 1.0.

expected, the TOA information provided is consistently less than the

true TOA. Here, the computed TOA from (IV-I!) is 6.44 psec and the

true TOA is that of the peak at 6.71 psec. This leading edge error,

At^g must be accounted for in the TOA error. At, along with any other
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measurement error, At^^, in the computation of the range error, aR, in

(IV-10) above;

At, = (At,_£+ AtJ,. (IV-12)

Although the computed TOA is in error of a few tens of nanoseconds,

the TOA leading edge error is consistent between two close

frequencies and the DTOA computed between any two channels is as

accurate as it would be if the true TOAs were computed. However,

TOA and DTOA uncertainties become larger when the leading edge

algorithm is applied to noisy or scintillated transionospheric pulses

or if less than optimum filtering is performed.

Uncertainty studies have concentrated on DTOA uncertainty due to

noise effects. Figures IV-12 and IV-13 show initial noise uncertainty

analyses for five ground amplitude signal-to-noise ratios (5NR) of 50

through 250 in increments of 50. All cases presented are for an

ionospheric TEC of 1.0. For Figure IV-12, corresponding power SNRs

in decibles at the receiver after propagation through a determinsitic

ionosphere range from 12.9 to 26.7. This study used two gaussian

filters centered at 150 MHz and 140 MHz, both with 2 MHz bandwidth.

Five statistical realizations of noise were used for each SNR for each

central frequency, resulting in 25 realizations over which to average.

The dashed curve is the DTOA noise uncertainty mean deviation,

computed using the average DTOA over all realizations

DTOA,^g = [2(T0A|^„ - T0A|5(,)]/25, (IV-13)

With the DTOA mean deviation then computed to be
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DTOA UNCERTAINTY (^OSEj
DTOA BASED CN 150.0 140.0 MHz

SNR PWR RANGE CDi) - 12S2&7

itf
SKSiAL TO NOSE (DB IN PWfO

Figure IV-12. Noise DTOA uncertainty study for noisy delta function between 150 MHz and
140 MHz gaussian filter central frequencies witft 2 MHz FWHM filter widtft
using five realizations.

DTOA UNCERTAINTY (NGISE^
DTOA BASED ON 150.0 140.0 MHz

SNR PWR RANGE ̂  = IdO 30.9

irf
SIQtAL TO NOISE pB IN PWH)

Figure IV-13. Noise DTOA uncertainty study for noisy delta function between 150 MHz and
140 MHz gaussian filter central frequencies witfi 10 MHz FWHM filter width
using five realizations.



DTOA^jj= [2(DT0A,-DT0Ag^g)2]^^2/25. (IV-14)
The solid curve Is the actual error in DTOA relative to the known

DTOA for a deterministic ionospheric TEC of 1.0. It is computed as

the rms average over all 25 DTOA. Both are plotted in nanoseconds.

Figure IV-13 is the same information for the above ground

amplitude 5NR range, but for a 10 MHz wide filter instead of 2 MHz.

Note the reduction in error and increase In the power 5NR at the

receiver. This effect results from the fact that the ionospheric

dispersion time spread, At^ about the central frequency is

proportional to the filter width while the time width of the filter,

Atp is inversely proportional to the filter frequency width;

Atj = 2(Aft^)/p, (IV-15)

where t^ = TOA^^ due to dispersion,

and

At^ = I/ttaI,/^ (IV-16)

respectively. Additionally, the power SNR at the satellite may be

expressed as a function of the ground amplitude SNR before

propagation, with At^^ and At,. ;

SNRg oc 5NRg[Atj2 + (IV-17)

The filter width governs the amount of signal and noise energy

allowed through the system. Up to a certain point widening the filter
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allows more signal energy through than the corresponding noise

energy. SNR^ is maximized when At^, and At^. are of the same

magnitude, this value being dependant upon the central frequency

used. Hence the filter width for each channel must be unique for

achieving optimum SNR^ and minimum DTOA uncertainty.

Figure IV-14 is the same case as that in Figure IV-12 but for ten

realizations of noise rather than five. This shows the better

agreement between the two curves as expected when averaging over a

greater number of statistical samples.

Finally, a very good estimate of the ionospheric TEC is possible.

From (IV-6a) above, may be replaced {Ngdz, or TEC to give

ct, = R, + KTEC/f,2

and, ctj = Rj ̂  K TEC/fj^,

where > f,. Dividing by c, assuming R| ~ R2 and subtracting t, from

^2 gfves

DTOA = tj-t, = KTECd/fj^- l/f,2),

and, solving for TEC

TEC - [(f|2-f22)/f,2|j2 ](DTOA/K). (IV-18)

DTOA is measured, K, f, and fj are known. If the TEC is calculated, the

dispersive effects of the ionosphere may be subtracted out from

phase and amplitude information recorded at the receiver for signal

reconstruction as discussed below.
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DTOA UNCERTAINTY (NOISE)
DTOA BASED ON 150.0 140.0 MHz
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Irf
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Figure iV-14 DTOA noise uncertainty study of same case as in
Figure IV-12 t)ut using ten realizations versus five.
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Source Discrimination.

Discrimination implies being able to distinguish between the EMP

signature of one source over another. Since the ionospheric

conditions which effect the propagating signal will certainly differ

from separate source detections, whether these detections be

separated temporally or spacially, these EMP signatures cannot

possibly be distinguishable based on transionospheric time

signatures; something must be done to remove the alterations in

phase and/or amplitude caused by ionospheric propagation in order to

recover, at least enough to allow distinction, the original time

signature of the device,

Freouencv Spectrum Reconstruction. One relatively straight

forward method of discrimination is to reconstruct the frequency

power spectrum of the source pulse. Note from the spectra plots of

Section I that each is unique. If the filter used in the detection

process is optimized, the area under the curve of the filtered energy

signature is a close estimate of the corresponding value on the source

spectrum for the central frequency of interest, if many of such

post-propagation power measurements can be made through use of a

spectrum analyzer, or by several detectors with judiciously selected

central frequencies, portions of the source spectrum may be crudely

reconstructed to notice distinguishing characteristics of a particular

source type. Since the spectrum undergoes no change for VHF

waveforms, then any tell-tale spectrum characteristics may be used
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to determine pulse shape characteristics such as width, rise time,

fall time, etc., of the source time signature.^

However, this method, under the best of circumstances of low

noise and determinstic dispersion, allows only an educated guess at

the actual shape of the source time signature. What is actually

needed is amplitude versus time and phase versus time information

over a broad frequency range. Then, if the ionospheric conditions at

the time of propagation are known, they may be removed from this

information, and the frequency domain IIS may be transformed back

to the time domain to recover the source time signature. Such is the

approach used in the quadrature filtering technique.'^

Quadrature Filtering. Using the notation from above, if |{t) is the

filtered TIS, examples being that of Figures iV-4, 5, 6, and 7(b), then

the real and imaginary portions of the filtered signal may be

separated by the following expressions;

Ref(t) = l|(t)! cosw^t (IV-19)

and Imf(t) = |j(t)| sinw^t. (IV-20)

Here, beating of a cosinusoid of central frequency against the TIS

filtered about produces the real component of the filtered TIS.

Similarly, beating with a sinusoid of produces the imaginary

component. From these the amplitude and phase as functions of u may

be obtained by using absolute value and inverse tangent relationships:
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A(&)^) = [ Ref(t)2+ lmf(t)2]'/2 (iV-21)

and, = tan-'(Re/lm). (IV-22)

Several such applications over a large bandwidth provide the

numerous data points required to reconstruct the signal. Then, if the

ionospheric transfer function is determined from TOA information as

in (IV-18), the ionospheric dispersion effects may be backed out and

the inverse transform taken to produce the original time signature:

f(t) = 1/2T7 J A(fi).) dw (IV-23)
where the integration is carried out over the range of receiver

channel central frequencies used, and

=  T(-w),

is the negative of the ionospheric transfer function from (1 1 1-8).

Again, the degree to which the TIS has been disturbed by back

ground and dispersion determines the capability of reproducing a

source signature reliable enough to be source traceable based on its

time characteristics.
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CONCLUSION

This paper has presented the theory behind a relatively large

computer code which propagates a broadband pulse through a benign

or disturbed ionosphere with or without noise. Ionospheric affects

are determined through parameterization of ionospheric TEC,

frequency coherent bandwidth and signal to noise ratio. After

propagation, the code detects the arriving information of interest

based on a linear fit to the leading edge of a group of frequencies

centered about a chosen central frequency. Error analysis on time of

arrival determination can be performed to study noise and

scintillations affects and the effects of less than optimum receiver

bandwidth, though this is an initial capability and can be improved.

Finally, two methods were presented for recovering information about

the type of source, but at the time of this writing, both algorithms

were only partially encoded.

The TIPC is a very useful tool for studying the first order effects

of deterministic and non-deterministic dispersion and the effects of

noise, as well as the numerical modeling of specific receiver filter

functions. These results have been analytically validated.'® More

however can be done to improve the versatility and accuracy of the

code.

Specifically, a more realistic background model needs to be

incorporated to include other noise sources as well as other

broadband transients such as lightning. Further, the DTOA uncertainty
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algorithms need fine tuning and a comprehensive study performed to

analyze the combined effects of noise, scintillations and bandwidth

limitations. The code will also eventually include the refraction,

focusing and reflection phenomena affecting those frequencies close

to the plasma frequency and below as well as any other attenuation or

absorption phenomena resulting from more a realistic collisional

medium. Finally, signal reconstruction algorithms need to be

incorporated based on the most promising of techniques and a

comprehensive errror analysis needs to be performed.
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Derivation of Wave Equation

Governing RF Transionospheric Propagation

General.

The wave equations governing electromagnetic energy propagation

are derivable from Maxwell's equations relating the electric and

corresponding magnetic fields of a propagating electromagnetic

disturbance. One is Faraday's law of magnetic induction,

lE-dl = -d/at|B-ds

which by Stokes theorem gives

VxE = -aB/dt. (1)

Another is the Ampere-Maxwell relation for magnetism and current,

jB-dl = uiJ(H+M)-dl = pjjfds

= uJ(Jj.+ aO/at + M-dD-ds

which, by using the relations B = + M and D = G^E + P and again

invoking Stoke's theorem for a line integral gives,

1 /Uq( V X B) = + ao/at + V X M (2)

=  + G^^aE/at + ap/at + v x m = j^.

For the above,

E = total electric field due to bound and free charge.
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B = total magnetic induction due to bound and free charge time
rates of change (total current),

P = dipole moment per unit volume resultant from polarization of
dielectric atoms by an external E field,

M = magnetization vector representing the number of magnetic
dipoles per unit volume of magnetized material; M is
analogous to P.

D = CjjE + P, the total electric field due to all charge except that
due to polarization effects. Outside of a dielectric, D has the
same value as E up to the value allov/ed by the permittivity, z.

In free space, z=z^.

H = B/|io + M, the magnetic intensity or simply the magnetic field
due to all current except that induced by magnetization of a
material, M. Outside of a magnetized material, H = B/ii^ only

up to the permeability of the medium in case. In free space, ji

= current density due to motion of all bound and free charge and

that induced by any magnetic induction field, B.

Jj. = current density of free charge.

total current density due to motion of all charge within

matter, accounting for polarization and magnetization effects,
P and M.

These relations may be simplified by assuming that the ionosphere

is a plasma and void of all magnetization and polarization affects

(P=M=0). Equations (1) and (2) are then
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7xE = -ae/dt (3)

and

VxB = u(Jr + EdE/at), (4)

Performing the standard simultaneous solution of (3) and (4)

(utilizing the curl and substitutions of E and B as appropriate) gives

the non-homogeneous wave equations for E and B as

v^E - uE(a2E/at2) = v(p/G) +

and

v^B - ufKa^B/at^) = -p( V X (6)

Assumptions. In this effort the ionosphere is further treated as a

homogeneous, isotropic, stationary and linear medium. It is an

ionized gas of low density (~ 10^ electrons/cm') in which, due to

greater mobility, electrons are considered the only constituent of

importance. The ionosphere is also considered collisionless, where

energy loss due to collisions between electrons, ions, and neutrals

are negligible. Additionally, thermal agitation effects are neglected

since in the absence of electromagnetic fields the random motion of

electrons produces no net current density. Hence, the ionospheric

temperature is considered zero. Finally, the Earth's magnetic field is

neglected because it has little affect on VHP waveforms and

polarization effects on the propagating E-field are neglected;

electromagnetic radiation propagates as in free space and the
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propagating B field is neglected since its energy is small compared to

the E field.

Plane wave/olate ionosphere. This paper considers only the

propagation of plane waves originating at or near the Earth's surface

and normally incident to a plate ionosphere at the zenith in the

z-direction. Neglecting the B-field components of the wave form,

only the E-field oscillating in the y direction and propagating in the

postive z direction is modeled. Hence E^ and E, do not exist. Also, the
A  C

electric field strength is uniform throughout the plane of the wave

and does not vary as the x or y coordinates change. Hence,

E = E = 0 and aE/ax = aE/ay = 0. (7)
A  b

Expanding the left hand side of (5) in Cartesian form gives,

a^ + a^ + a^ = iioGo^^+iio^+ „pf
ax2 ay2 az^ at^ at e

^^^y + ̂ ^^y + ̂ ^^y = |lo Go ̂ ^^y + + pr
ax^ ay2 az^ at^ at ^ g

^^^Z + ̂ ^^Z + ̂ ^^Z = lioGo^^ + Po^ + pf
dy? bf az^ at2 at g

which by applying (7) reduces to

^^-poGo^^ = po^ + pr (8)
az^ at^ at g

Further, the plane wave assumption implies the divergence of E is
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zero. Since = 0 = d/dx = a/ay,

VE = = 0,

ax ay az

and, from another of Maxwell's equations, v-E = Pj-/e, and the

charge seperation term, V(Pf./e) may be eliminated from (8).

From (8) the space variation of E is dependant upon the total

current density variation and as a function of the time rate of

change of the displacement and convection current densities. That

is, since

= E(aEy/at) + Jp

then

aj/at = G^(a2Ey/at2) + aj/at

and, from (8),

a^Ey/az^ = p^e^(a2Ey/at2) + p^(aj/at) = p^(aj/at). (io)

Through the linearity assumption,

= YEy.

where y is the conductivity of a neutral ionized gas. The

conductivity is derived by either analyzing the force on a free
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electron due to a passing E-field, or by deriving Jp the convection

current densityJ^-^^-^' in either case the result, assuming the

collision frequency is zero, is an imaginary conductivity:

Y =-j^NgQe^/wmg). (1 1)

Using the last two expressions and the exponential phasor notation

for sinusoids, jw = d/dt, and j = (-1)^^^, (10) reverts to,

d^Ey/az^ = u,E(,(a2E/dt2) » u„(avE/at),

and finally.

°  - jVn„E(N^q,2/u2Enn,)Ey,

a^E/az^ = n^Ej,( I - N^q^Vu^Em,) a^E/at^. (12)

From (12), the coefficient of the right hand side may be written as

= jun^(Y»ju£^),

n = ju[n„E,(i ♦ Y^J<JE„)]"^.
where, for (12), the solution for a wave traveling in the positive

direction is of the form

Ey(z,t) = E^eJ^V^^. (13)
Note that if the conductivity of the medium is non-zero and

imaginary as for the ionosphere,

TT = jk = j[k^(1-ci)p2/aj2)^^2] = ju/v^,

where
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and

k =

n = (l-ci)p2/a>2)i/2^ jn(jex of refraction,

= N a 2/Gnn,,, the plasma frequency.
P  C V V

Thus (13) becomes

Ey(z,t) =

where the wave propagates unattenuated as permitted by u and e.

If the conductivity is non-zero and real, then, using y = ±N^dg^/comg

as an example,

n = jlk^jd ± a)p2/ja)2)'/2]

If expressed as the first term of a Taylor series expansion,

n = Jkjl ± l/2(a)p2/jw2)],

=  Jk^ + a)p2/2(oc = jk^ + h.

Therefore, (13) becomes,

Ey(z,t) = E^eJ^^e"^^,

Where the wave now propagates with some attenuation dependant

upon the value of h, and with some alteration in phase dependant

upon k.
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If the conductivity is real and imaginary,

Ey(z,t) =

where k = 3S above.
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