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Abstract

In this note, we have studied the propagation of short, impulse-like pulses propagating
through the ionosphere. The ionosphere is modelled by a simple, eald plasma. The impulse -
response of such 5, plasma model is known to consist of two terms. The first term is the
impulse itself and the second term contains a Bessel function of first order. This means that
the impulse propagates as an impulse followed by a long, oscillatory tail. The numerical
example studied here is that of the prototype impulse radiating antenna (IRA). Closed-form
expressions are developed for the prototype IRA waveform propagation through the cold-
plasma model of the ionosphere. The results are cross checked with numerical evaluation

via a convolution process that uses the known impulse response.
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1. Introduction )

The emerging ultrawideband or short-pulse technologies will continue to find applica-
tions in several forms of radar, target identification, wideband jammers, UXO and perhaps
even orbital debris detection. The pulse durations are of the order of 100 ps and the
bandwidths range from 10’s of MHz to several GHz. All of the current and future UWB

“applications will involve the interaction of short-pulse electromagnetic waves with earth,
water, metallic structures, dielectric surfaces and earth’s atmosphere. These objects could
be the subjects of radar interogation or may be in the path of radar’s interogation. In this
note, we are focussing on the interaction of approximate impulses with the ionosphere.
Impulse propagation through the earth’s atmosphere differs ﬁdely from the narrowband
propagation. Each frequency component of the approximate impulse is imparted certain
magnitude and phase change. The superposition of such effects over broad frequency
ranges and large distances can significantly alter the incident electromagnetic pulse. The
subject of narrowband propagation through the earth’s atmosphere has been intensely in-

' rvestiga.ted ever since Marconi achieved transatlantic communication in 1901. The study of

approximate-impulse propagation through the earth’s atmosphere is of recent interest e.g.,
{1 to 4]. When the ionosphere is modelled as a cold plasma with a certain, fixed plasma

cut off frequency wp, then the dispersion exhibited is similar to that in a single-moded and
homogeneously-filled waveguide. The impulse response for this problem can be written

in closed form in terms of the impulse function which propa.éa.tes and is followed by a

Bessel function term [2 to 4 among others]. Dvorak and Dudley [2] have also extended the

analysis to a double exponential pulse propagating through a colg plasma. -~
Given the above background, the present goal is to si:udy the propagation of an
impulse-like waveform (not exactly an impulse) generated by a reflector IRA in general

[5 and 6] and the prototype IRA in particular [7). To a first-order approximation, we

may consider the prepulse and impulse terms of the radiated field in time and frequency
domains [8] while ignoring the postpulse term resulting from diffracted signals from the

reflector rim and launcher plates.
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2. Ionosphere as a Cold Plasma

The ionospheric effects on the information carried by radio waves is legendary and a
recent review may be found in [9]. Advances in radar, communication, remote sensing and
ionospheric sounding technologies have invoked a lot of propagation studies. The introduc-
tion of a sophisticated UWB technology requires an even more detailed investigation of the
propagation effects. The ionosphere is 2 complex, electx:omagnetica.lly speaking, medium
with diurnal, seasonal and long-term variations driven primarily by both solar activity and
local disturbances and plasma instabilities. There is a lot of information available and we
have summarized in figures 1 and 2, what is relevant for the present study.

To a first order, the earth’s atmosphere is horizontally stratified. One of the ways to
distinguish the horizontal layers is through the temperature (figure 1). Various physical
phenomena such as radiative transport in the infrared, convection cooling near the earth’s
surface, ultraviolet (UV) absorption by ozone layers in the troposphere etc., determine this
temperature profile. It may also be noted that the ionosphere is the charged component
of the earth’s atmosphere ranging from about 60 km to 1000 km. There is no significant
ionization below 60 km. The electron density and the electron collission frequency as a
function of the altitude is shown in figure 2. The ion and neutral components of the
atmospheric plasma are assumed to be stationary and the maximum value of the electron
collission frequency is seen to be about 100 kHz at an altitude of 60 km. For impulse-like
waveforms, whose frequency content starts in HF and goes up into S-band, the propagation
through the ionosphere is essentially collissionless, consequently lossless. Messier [1] has

developed an expression for these losses due to electronic collissi®hs, given by

A(dB/m) ~7.28 x 10~° (1)

Fia]

where

N = electron density (m™2)
v = electron collission frequency (Hz)

f = frequency of the propagating wave (Hz)
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Figure 1. Atmospheric temperature as a function of altitude [9]
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Since f > v, using the higheqt v = 100 KHz, the attenuations are 3.64 x 10~* dB/m
at f = 100 MHz and 3.64 x 10~° dB/m at f = 1 GHz. Over large propagation paths,
the effects of electronic collissions leading to ohmic losses have some effect for frequencies
below 100 MHz. In this note, we have ignored the effects of collissions since the short-pulse
transmission under consideration has spectral magnitudes predominantly in the 100 MHz
to 2 GHz band.

Furthermore, when the short-pulse waveform hits the D—layer of the ionosphere at
an altitude of about 60 km, part of the incident wave is reflected at this air-ionosphere
(chérged medium) interface. It is well known that the ionosphere acts like a high-pass filter
where the frequencies below the plasma frequency wp are reflected and frequencies above
wp are transmitted. In other words, one could model the ionosphere as a cold-plasma with

a plasma frequency of w, given by

2
wp = 1/ N o~ 5631VN
meg

or f, = ;’—; ~ 8.97VN Hz

)

where

N = electron density in (m™3)
e = electronic charge ~ 1.602 x 107 C <= .
m = electronic mass ~ 9.108 x 10™3! kg

€o = permittivity of free space = [1/(367)] nF/m

Since the maximum value of N is 10'? electrons/m?, the maximum value of plasma fre-
quency fp is seen to be about 9 MHz. Once again, the significant frequencies of interest
in the propagation of impulse-like waveforms are significantly above the plasma frequency
fp and certainly above the collission frequency v.

In addition to the effects discussed above, the propagation of the short-pulse waveforms
is also affected by the earth’s magnetic field and refractive bending at non-normal incidence.
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The effect of the earth’s magnetic field is to render the ionosphere plasma medium into a
birefringent, non-reciprocal medium resulting in two values of refractive index. The net
effect is to decompose the incident linearly polarized electromagnetic wave into left and
right circularly polarized components, also termed as the ‘ordinary’ and .‘extraordinary’
waves [10]. For the present, we have neglected the geomagnetic field effects. The refractive
bending is predominant at frequencies near w,. It has been ignored here since (w 3> w;)
and can be included in future studies. Simply stated the approximations made here are:
a) the ionosphere is modelled by a cold-plasma or a slab model with a plasma fre-
quency of wp, independent of time and bounded by two values for ct;anges with
altitude, (a slab model)
b) reflection coefficient at the air-ionosphere surface is 1 below w, and 0 above w,
c) geomagnetic field and refractive bending effects are ignored.
Under these assumptions, the geometry of the problem now becomes simple and is shown in
figure 3. 0 is seen to be the polar angle of launch of the impulse-like waveform transmitter.
Zp is the vertical height of the uncharged, air medium which is roughly 60 km. The
propagation distance is zg sec(d) in air and z sec(f) in the ionosphere. z = 0 plane is the
air-ionosphere interface. When the electromagnetic wave radiated from the transmitter
on ground is incident at this interface, only the frequencies > w, are transmitted into
the charged medium. With reference to the electron-density profile shown in figure 2, we
consider two boundary values of Ny = 1.12 x 106/m? and sz = 1.12 x 10'2/m?® which
correspond to low and high values of w, =~ 6 x 10* and 6 x 107. In effect, we have modelled
the ionosphere by two values of f, -~ 9.54 kHz and9.54 MHzw This is similar to the
dispersive wave propagation in a waveguide and the plasma frequency is analogous to
the cutoff frequency of the dominant mode of propagation. Both the waveguide and the
ionosphere behave like a high-pass filter.
With the ionospheric model described above, we are now in a position to briefly review

its impulse response in the following section.
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3. Brief Review of the Impulse Response of a Cold Plasma Medium

Under the assumption of a homogeneous, cold-plasma model, the ¢-polarized electric

field, propagating in the direction of £ must satisfy the harmonic equation

o5 +k) Bl w)=0 @)
(@ +4)

where kg = 1/!:3 - k,z,, ko = wy/o€o and ky = wp./Hioto.

The plasma cutoff frequency wy is related to the electron density as indicated in (2).

The general solution for the above differential equation is

E(¢, w) = E¢(0, w) [e79%¢ 4 T eike€] (4)

Numerous researchers have shown that the impulse response of a waveguide or a cold
plasma can be expressed in closed form in terms of the Bessel function of the first kind,
[e.g:, 2 to 4]. Under the assumption of no reflection (I' = 0) valid for w > wp, (4) reduces

to
E¢(€, w) = Be(0, w) e H6&/Vwi=ug - (5)
or, in time domain _ _ . &
1 [~ ]
Ee(6 ) = o / E (0, w) =4Vl g, 650 (6)

For an impulse function input E;(0, £) = E, §(t), we have E(0, w) = Eo (V — s/m),

the above equation becomes

0 =2 [ on{ifu- £y o g



Using the Fourier integral representation of a Bessel function [11],

f). 2 P olot-(4)yE=a7]
2nj J_

Ty /=G u (1 - & el B

c

we have, for the impulse response

Ec(6, 1) = —Eogrf/—c) Jo(wp /T = (E/e)F) ult — £/c)

5 [1(:-) (- 8) 2T

This result is well established and is available in the literature [2 to 4]. However, some
comments about the impulse response are rin order. We observe that after propagating
through a distance £ in the cold plasma, the incident impulse Eoé(t) reappears, but is
followed by an oscillatory behavior in time, which is represented by the first-order Bessel
function term. Herein lies the clue for the propagation of the impulse-like waveform radi-
ated by a reflector IRA. The radiated waveform from the IRA is an approximate impulse
da(t) and not an exact impulse. The reason that the exact xmpl'me propagates throughr
the cold plasma, unperturbed is because it has infinite energy. One may expect for an
approximate impulse propagation, that the initial peak would propagate but compressed
in duration due to the interaction term with the Bessel function portion. It would then be
followed by an oscillatory behavior. In summary, we would expect a time-domain wave-
form that is highly peaked, followed by a negative undershoot which in turn is followed by
an oscillatory behavior. At late times, the period of this oscillation should approach the
plasma-oscillation period.

In the next section, we look at the incident fields radiated from a reflector IRA (e.g.,
the prototype IRA {7 and 8]) and striking the air-ionosphere interface. That is, these are

10



fields radiated from the prototype IRA that have propagated a distance of zo sec(f) where
zp = 60 km and 8 is the polar launch angle.
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4. Propagation of IRA Fields Through Cold Plasma
Since the propagation distance in air is zp sec(d) (see figure 3), the electric field at the

air-ionosphere interface from a reflector IRA may be written as [8],

B, t)y=—22_ 2 [8V(t'—T)_1

zg sec(f) 4mcf, ot T{V(t ) - Vi T)}] (10
Note that this field is at 2 = 0, and

t’=t—L'z°(0—) , T =2F/c
V(t) = Vo(e™?* ~ e~**) u(t) = voltage waveform
F = focal length of the paraboloidal reflector
D = diameter of the paraboloidal reflector (1)
¢ = speed of light ~ 3 x 10® m/s
fo = Zgeed/Zo = geometrical factor
Zfeed = TEM feed impedance

Zo = characteristic impedance of free space

Substituting for V'(¢) from (11) into (10), we find the electric field at the air-ionosphere

interface (2 = 0) in time and frequency domains to be

E(z=0,1) = oy ::::(9) 4131_' [{a e~o('-T) _ ﬂe-ﬂ("-n} u(t' —T)
| —% {(c'ﬂ" - e"'") u(t') — [c'p("'T) - e'“(‘_'_T)] u(t' — T)}] (12)
with

12



to = zosec(d)/c and V(w)=Vp [_‘iw{l— 5 jwl— a] (14)

Equations (12) and (13) completely specify the electric field incident at the air-ionosphere
interface in time and frequency domain. These two equations are used in the following
sections for the purpose of numerical evaluation relating tothe prototype IRA.

For the present, we continue the formulation of propagating the above described inci-

dent field in the ionosphere. The propagation constant in the ionosphere, as before is

= —\/w2 - w2 + jurwifw (15)

Ignoring the electronic collission frequency (v <« w) as before,

ke == —wl = ZV1 = @pfw)? = 22 = ko (16)

with n = index of refraction and ko = propagation constant in free space

Therefore, the spectral domain field after propagating a distance of z sec(6) in the iono-

sphere is given by o _ _ &

E((z, w) — V(‘U) c—l'.-e"-'[zo sec(6)) e--"cilzo nec(O)].\/l—(wg/wE)

(z + 2z0)secl

[jwe-f“"-" - % (1- e-i'-’T)] (17)

The above frequency-domain field needs to be Fourier inverted to obtain time-domain

electric field. However, noting the form of V(w) given in (14), we define

13
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i o eng e—j%sec(ﬂ),/u’—w’?
e(u, t) = Dy j =% dw (18) .
then the Fourier inversion of (17) leads to
Vo D
Ee(zt) = (2 + z0)sec(8) 4mef, T F()
Yo L F(®) (19)

= (z + z0)sec(9) 8 f,fa

where fg = F/D and F(%) is given by

F(t) = {(1-BT)e(8, t—to—T)—e(B, t~to)}—{(1~aT)e(a, t—to—T)—e(a, t—to)}] (20)

recalling e(u, t) is given in (18) and

to = zg sec(f)/c

T =2F/c @)

It is also observed that e(u, t) defined in (18) can be exér&csed in%éermé of certain speci;i
functions termed incomplete Lipschitz-Hankel (IL-H) functions [12] that have integral rep-
resentation in terms of the well known Bessel functions. This relation of the e(u, ¢) with
IL-H functions or integrals is useful in numerical computation of the fields received by a
receiver in the ionosphere. Equations (17) in frequency domain and (19) in time-domain
formally provide the closed-form expressions for the fields in the ionosphere for a reflector
IRA transmitter on the ground.

14



5. Incident IRA Waveforms and Spectra

While the previous sections have formulated the problem and developed closed-fofm _

expressions for the wave propagation through the ionosﬁhere modelled as a cold plasma,
we illustrate this propagation with numerical examples in this and the following section.
Specifically, we consider the electromagnetic fields radiated from the prototype IRA [7 and
8]. The geometry of this electromagnetic short-pulse launch from earth to its atmosphere
is depicted in earlier figure 3. The boresight, electric field radiated by the prototype IRA
is expressed in (12) and (13) in time and frequency domains. The equations are suitably
modified [8] for the case of four-arm feed. The following numerical values are considered

in this illustration.

Antenna Parameters
D=366m F=12m = T =2F[c~8ns
Zfeea ~400Q f, =1.06 (2 arms)
fa=F/D =0.33
Pulser Parameters
VWw=10V  f~5x10"/s a~22x109/s
t10-90 (rise) =~ 100 ps le—fotd(decay) ~ 20 ns
Propagation in air
2z = 60 km
6; =0, 15°, 30°, 45°, 60° and 75°

Propagation in the Ionosphére
N;=112x10° (m™®) and 1.12 x 10** (m™3)
wp =6 x 10* (rad/s) and 6 x 107 (rad/s)
Jp=9.54kHz and 9.54 MHz

z = 500, 600, 700 and 800 km.

As a first step, we present the fields incident at the air-ionosphere interface in time
and frequency domains. The antenna and the pulser parameters are fixed and the vertical

distance to the D-layer is also fixed at 2o = 60 km. The previously measured time-domain
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electric field at a distance of 304 m and the computed spectrum are shown in figure 4. The
launch angle measured from the vertical is varied from 0 to 75° in steps of 15° and the
resulting incident fields from the prototype IRA (with an rE factor of ~ 1220 kV) are shown
in figures 5 to 10. Figures 5 to 10 are simply scaled versions of figure 4 following the (1/r)
fall off from the antenna. While the time-domain field in figure 4 is a measured waveform,
the fields in figures 5 to 10 are estimated and ignore the small, postpulse components of
the waveform. The prepulse is significant and visible at a distance of 304 m and falls of
like (1/r). It is also observed that the negative area of the prepulse is cancelled out by the
impulse area as evidenced by the spectral graphs where the spectral magnitude approaches
zero at dc. ‘

The time-domain and spectral magnitude of the electric field incident at the air-
ionosphere interface at a height of 60 km are summarized in figure 11, for varying angles
of launch. These fields are then propagated through the ionosphere using the formulation

of section 4.
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6. Numerical Results for the Prototype IRA

In this section, we consider four values of the “slab” thicknesses for the ionosphere as
mentioned earlier. These are the four vertical distances z; = 500, 600, 700 and 800 km.
Note that these distances are measured from the air-ionosphere interface and one would
add 60 km to obtain vertical height above the earth’s surface. We have also considered
a..ho'mogeneous (i.e., electron density not varying with height) cold plasma with 2 values
that bound the problem.

A. Plasma frequency fp ~ 9.54 kHz

This case corresponds to an electron density NV of 1.12 x 108 electrons/m?® or wy =~
6x10% or f, =~ 9.54 kHz. We compute both frequency and time-domain signals, after trans-
ionospheric propagation. The time domain signals are plotted in figures 12 to 17. The
main feature of trans-ionospheric propagation for the chosen value of N =~ 1.12 x 10%/m3
is that the IRA pulse propagates, with minimal distortion. We may look at a specific case
of z = 500 km for example, in greater detail. Figure 18 shows a long-time history of the
trans-jonospheric propagation and highlights the presence of the prepulse. The peak value
of the impulse is out-of scale in this figure. It is observed that the prepulse lasts for about
8 ns (= 2F/c) as expected. The spectral magnitude of the electric field for the case of
z = 500 km; fp =~ 9.54 kHz and 8 = 0 is shown in figure 19. The plasma cutoff frequency
is so low that the spectrum is unaffected. Changing the values of z and 6 only multiplies
this spectrum by a contant C;. C) is simply given by [cos(6) x 500 km/z] with C; = 1 for
6 = 0 and z = 500 km. Figure 19 will then be the frequency domain signal [V/(m - Hz)]

incident on a receiver in the ionosphére. The actual signal at th&receiver terminals isa

function of receiver’s sensitivity, bandwidth, etc.

We now turn our attention to the additional (other than 1/r) losses in the ionosphere
due to electron collissions. The results of figures 12 to 19 do not include the effect of ohmic
losses due to collissions. Recall that in the frequency-domain, the losses are given by (1)
and the spectral magnitudes of the received signals with and without losses for z = 500 km
and 6 = 0° are shown in figure 20. The ohmic losses due to electron collissions fall off like
(1/£?) and are negligible above 1 MHz, even for large propagation paths of 500 to 800 km.
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B. Plasma frequency fp ~9.54 MHz

This case corresponds to an electron density N of 1.12 x 102 electrons/m?® or w, =~
6 x 107 or f, ~ 9.54 MHz. As before, we compute both frequency and time-domain signals
after trans-ionospheric propagation. The value of N of 1.12 x 10!2? electrons/m? is the
maximum value (see figure 2) for all altitudes and diurnal times. For this value of N,
the ionospheric dispersion effects are pronounced. We first display the frequency-domain
results in figures 21 to 26 for varying launch angles 8;. For each launch angle, the distance
in the ionosphere is varied from 500 km to 800 km in steps of 100 km. The main feature in
these spectral magnitude plots is that the ionosphere acts as a high-pass filter and all of the
incident frequencies below the plasma frequency f, of 9.54 MHz are filtered out or reflected
back at the air-ionosphere interface. However, the frequencies above f, are transmitted
and dispersed. The dispersion has a pronounced effect on the time-domain signals shown
in figures 27 to 32. Each of these figures is for a particular launch angle 0 ranging from
0 to 75° in steps of 15°. The ionospheric path z is varied from 500 to 800 km. For each
value of z two time-domain plots are shown. The one on the left goes for & duration of
500 ps, while the one on the left is the initial 20 ps plot. The long-time plot (500 ps) does
not resolve the initial positive impulse and hence the 20 ps plot to show the positive going
impulse followed by a negative undershoot which is followed by the ringing. The ringing
frequency asymptotically approaches the plasma frequency of 9.54 MHz (period = 100 ns).
The high-frequencies travel with a larger velocity and arrive at the observer first, according

phase velocity v, = ’-‘;— =

/ 2
group velocity v, =nc=rcyf1 - (-“2)
w

(22)

For frequencies w > wp,
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(23) |

The fact that the velocities are frequency dependent leads to the dispersion of a pulse as
it propagates through the ionosphere, which is evident in figures 27 to 32.

Next, we turn our attention to the effect of losses shown in figure 33. The losses are
easily computed in frequency domain as denoted by (1). As may be seen in figure 33, the
losses could be significant up to about 100 MHz, owing to the large propagation distances.
However, time-domain fields incorporating the losses are not available. The Fourier inver-
sion of the spectral fields has not yet been possible in closed-form. The numerical Fourier
inversion appears to be unstable when such high-frequencies and large propagation dis-
tances are involved. Closed-form, time-domain expressions have been possible only under

the assumption of no ohmic losses.
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Figure 33. The effect of ohmic losses due to electron collissions on trans-ionospheric

propagation (v = electron collission frequency Hz)
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7. Summary )

We have formulated problem of a short-pulse propagation through the ionosphere,
modelled by a homogeneous cold-plasma medium. The plasma frequency is fixed at its
low and high values. The launch angle from a transmitter on ground and the ionospheric
propagation distances are varied. As example transmitter, namely the prototype IRA is
considered for an illustrative numerical study. It is found that at the lower value of electron
density of N =~ 1.12 x 10%/m3, the short-pulse propagates with almost no dispersion. This
corresponds to a plasma frequency of 9.54 kHz. The high-value of N = 1.12 x 10'?/m?
of plasma frequency of 9.54 MHz leads to significant dispersion. The main impulse from
the prototype IRA propagates through with a significant compression. In other words, the
high-frequencies travel faster to the observer and then the lower frequencies catch up. The

effect of ionosphere on the short-pulse is dramatic at this higher electron density.
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