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FOREWORD

The following notes cover the main tutorial lectures given at
an fntroductory course to EISCAT, the European Incoherent Scatter
Radar Facility, held at Oberstdorf/Germany from January 8 to 12,

1979 under the sponsorship of the Max-Planck-Gesellschaft., The
conveners of the course were G. Haerendel and R. Boswell. 23 lectures
were presented on the incoherent scatter technique, on major radar
facilities, on r.f. heating, on plasma waves and {instabilities and
on the gecphysical plasma environment. Specific emphasis was given
to the operational aspects of EISCAT and how to use it.

Originally, it was intended to issue a volume covering al)
lectures. However, several major contributions were not turned in,
and the plan was abandoned. The fact that the completion of EISCAT
was delayed by several years certainly had an impact on the temporal
loss of impetus in dealing with the subject. Many of the 46 attendants
of the Winter School have mearwhile turned their interest to other
tasks or facilities. However, since Fall 1983 regular operation of
the UHF system of EISCAT has been possible, Completion of the VHF
facility is expected for about one year after the time of this writ-
ing. An EISCAT workshop in France in September 1983 has demonstrated
& very enthusiastic acceptance of the unique plasma diagnostic
capabilities offered by EISCAT, in particular among the young genera-
tion. The former Chatanika radar has been moved to Sgndre Strdmf jord/
Greenland in 1983 and {s operating very successfully. This develop-
ment encouraged we to dig out the old lecture notes from Oberstdorf
and edit at least the four major contributions on the incoherent
scatter technique which have not been superseded by more recent
individual publications in the open literature. Taken together, these
notes probibly present an excellent basis for a first and rather deep
penetration into the subject of incoherent scatter.

The final trigger for editing of the lecture notes from Cberst-
dorf five years later was the organization of & School on Radar
Techniques for Remote Sensing of the Atmosphere in Lima/Peru by
Ronald Woodman, My apologies for this long delay in printing and
for the omission of a few of the supplied manuscripts which were of
less educational value and had appeared in somewhat different form
elsewhere are combined with my repeated thanks to 811 tecturers of
the EISCAT School at Oberstdorf and my best wishes for a successful
school in Lima,

LR
Garcaing, January 11, 1984 F‘-L\‘J‘A 2‘““""""‘
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PARAMETERS THAT CAN BE MEASURED BY INCOMEREMT SCATTER

Jd.V. Evans

Lincoln Laboratory MIT
Lexington, Mass, 02173 , USA

1.

INTRODUCTION

A number of earlier papers {(Evans, 1969, 1974, 1975 ; Farley,

1970) have described the application of the incoherent scatter
(or Thomson scatter) technique to studies of the earth's fono-
sphere and upper atmosphere. Dther reviews have described con-
tributions to studies of the dynamics of the F-region (Evans,
1972), the dynamics of the lower thermosphere (Evans, 1978) or
the properties of the thermosphere {Evans et al., 1979). This
Paper will not attempt to restate all this material in detail,
but instead will provide a simple overview of what can be
accomplished using the technique.

The classica) Appleton-Hartree equation describing the
propagation of a raedio wave in the fonosphere treats the medium
4s a continuous dielectric and predicts that, at wave fregquencies
f substantially higher than the plasma frequency fp anywhere
along the path, there will be no reflected energy. In the absence
of density irregularities such as those created by plasma instabi-
lities, this is true to first and second approximation. However,
as Thomson (1906) showed, electrons are capable of scattering
electromagnetic waves at all frequencies; thus a plasma illumi-
nated by such waves will scatter a small amount of energy back
toward the transmitter. Fabry (1928) potnted out that the random
motion of the electrons should give rise to a Doppler broadening
of the reflected signals and this would cause the intensity of
the scattered power to fluctuste about & mean value determined
by the sum of the reflected powers (not voltages). For this
reasons the scattering has been termed ‘incoherent’, though
a variety of other names (e.g. Thomson scatter, radar backscatter)
have been employed.



The electromagnetic energy scattered by an electron into
unit solid angle per unit incident flux may de shown to be
(r' sin v) where Te s the classical electron radius and ¥
1s the angle hetueen the direction of the incident electric
field and the direction of the observer. Rader engineers have
adopted the convention of defining the cross section of &
target as the total scattered energy from an equivalent
isotropic scatterer. Using this convention, the radar cross
section o, of an electron is (Evans, 1969)

2
o * an(r, sin y)

10°28 sin? yIn?).

Since this value is extremely small, it was long thought
that the incoherent scattering of the {onospheric electrons
could not be detected by modern radio methods. The first to
contest this view was Gordon (1958} who showed that by
constructing a parabolic reflector antenna of 1000-foot dia-
meter and coupling this to a high-power YHF radar system, it
should be possible to detect the back-scattered signals. This
could then be exploited as a means of probing the distribution
of the electrons throughout the jonosphere and measuring their
temperature Te (from the Doppler broadening of the signals).

The first reported detection of incoherent scattering by the
{onosphere was made by Bowles (1958, 1961) using a newly
completed high-power VHF radar system intended for meteor

studies at Havana, IV1inois, Bowles made the important discovery

that the Doppler broadening of the signals was considerably

less than expected from the random thermal velocity v of the
electrons (v fﬁi-7-7ﬁ-1 where k is Boltzmann's constant.
Te s electron temperature and m, the electron mass). Bowles
correctly deduced that this was caused by the presence of the
ions in the plasma. This observation prompted a number of
theoretical investigations of the phenomena, which despite the
different approaches employed, yielded the same results,

The theory showed that for meter and decimeter length radio
waves used to observe incoherent scatter from the ionosphere,
the principal reflections arise from density irreqularities in
the electron gas impressed by the presence of the fons, and
accordingly, exhibit a Doppler broadening that is governed by
the random motion of the ions {and is, therefore, considerably
less than had been anticipated). This result had important
consequences for the signal-to-noise ratio, since this is
determined, in part, by the receiver bandwidth, Since the band-
width need only be wide enough to accommodate all the echo
power, a considerable improvement in the signal-to-noise ratic
is achieved by narrowing the receiver bandwidth to just match
the ion Doppler broadening. Consequently, it is possible to
obtain useful incoherent scatter returns from the jonosphere
with a radar considerably smaller than that contemplated by
Gordon (1958).



INCOHERENT SCATTER THEORY

2.1. Spectra

The scattering of radar signals by density irregularities
in the fonosphere is illustrated in Fig. 2. The signals will
be scattered through an angle ¢ by the presence of irregulari-
ties having a spacing (measured along the perpendicular bisector
of the angle between the incident and scattered waves) of Ap
where

e S (1)
P 2 sin (¢/2)

in which X is the radar wavelength. Equation (13} is simply
the Bragg scattering formula for a crystal. Thus radar scattering
measurements may be thought of as providing a Fourier analysis
of the medium to determine the intensity of density fluctua-
tions of scale J\p.
As shown by Fejer (1960), Dougherty and Farley (1960},
Salpeter (1960a,b}, and Hagfors (1961) dons are capable of
organizing electron density fluctuations in the plasma over
scales larger than the electron Debye length t)e where

D = 59/'7;7ﬁ'i‘. (2)

Accordingly, the fons play an important role in the scattering

when J‘p » De' The parameter a = 2 De”p may be used to describe

the ratio between the electron Debye length and the wave-
length, (For backscatter experiments Ap = 3/2 and the para-

, meter a = 4nD /M

For the case a » 1 the scattering will be from the
individua?! electrons as envisaged by Fabry and Gordon. Under
these circumstances the Doppler broadening will cause the
echoes to have a Gaussian-shaped frequency power spectrum
with a half power width u of

“e = 1.42 Afe (3
where
e
e = 3, (4)

is the Doppler shift of an electron approaching the radar at
the mean thermal speed of the electrons v Ve (=/2k 1 7 ') For
backscatter Af becomes

1 (1)

af, = —+-[knz] . (5)

In the ionosphere below ~ 2000 km D, is usually less than
1-2 cm. Thus for decimeter or lneter—wave radars o <« 1, Under
these circumstances the scattering may best be thought of as



arising from the transient local increases in electron
density surrounding each fon, As such, the Doppler broadening
L js commensurate with the ion thermal speed

W = Zaf‘ (6)
where
ii

is the Doppler shift of an ion approaching at the mean speed
31 of the ions. For backscatter experiments when the plasma
contains 0" jons (7) reduces to

ar, = 65(1)2ma). (8)

Figure 2 provides 2 sketch of the spectrum for the case
a <<] and Te = Ti‘ 1t can be seen that for a + 0 the spectrum
narrows and bacomes double humped. A small amount of energy
associated with free electron scattering then appears in two
lines displaced above and below the frequency of the radar
by an amount approximately equal to the local plasma frequency.
These are termed 'plasma lines' and may be thought of as density
fluctuations with scale Ap arising as a result of the (electro-
static) interaction of the electrons with themselves.

The spectrum of Figure 2 may be interpreted as reflections
from sound waves §n the jon gas with wavelengh lp that are
approaching and receeding from the radar with the mean thermal
speed of the fons 31. Actually the scattering is from the
electrons, and the reflections really represent the ability of
the ions to organize density fluctuations smong the electrons
through electrostatic forces. As might be expected the coupling
between the ions and electrons depends upon their relative
speeds and thus the spectrum changes shape when Te > Ti as is
found to be the case in the ionosphere. This is illustrated in
Figure 3 for the cases 1:0 & TeITi £ 4:0.

It can be seen from Figure 3 that for Te > T‘ the wing in
the spectrum grows more pronounced as a consequence of the fact
+hat the fon accoustic wave is now subject to less damping. In
addition the spectrum is seen to broaden. This last effect is
due to the fact that the overall doppler broadening depends up
the ratio (Te/Ti)lfz. This is 11lustrated in Figure 4 where
spectra for T /T, = 1.0, 2.0 and 3.0 are plotted for 0%, He',
and HY on a scale with units of af, (TE/Ti)IIZ. It can be seen
that the spectra have shapes that do not depend greatly upon
the fon. Combining £q. 8 with (T,/T,)1/% we see that the density
peak occurs at

st = 65 (1)12 [v2) (9)

That is we can think of the scattering as being from sound waves
in s gas of fictitious particles having the scattering cross
section and temperature of the electrons and the mass of the
ions.



2.2,

The spectra of Figure 4 when plotted on an absolute fre-
quency scale (e.g. one normalized in units of Af ) are shown
in Figure 5. Since He' ions are 4 times lighter than 0" ions
their spectra are twice as wide [Since ¥ Vi = (& T /™ )1/2
in Eq. 7] . Sinilarly the H* spectra are twice as wide as
those of He'.

Total Power

The volume scattering cross section for the case a >> 1
is simply Nete where Ne is the electron concentration. That
is the total reflected power depends upon the density and
not the square of the density as in the case of coherent
reflections. This is because the random therma) motion of the
particles causes the phases of the signals scattered by each
electron to be unrelated one to another, and hence the powers
add not the voltages.

For a vertically directed radar it may be shown that the
total reflected power Ps depends upon

Pg = Py (Nygy S) ;AI (10)

where Pt is the peak transmitted power, c1/2 s the height
occupied by the exploring pulse (length =< seconds}, A iy the
collecting area of the antenna and h {s the height from which
the scattering occurs. Note that P does not depend upon the
gain of the anterna. This is because increasing the antenna

gain, increases the power incident on each electron but
reduces the number of electrons 11luminated by a compensating
factor.

The theory shows that when a + 0 the total scattering
cross section {i.e. the area under the curve of Figure 2)
becomes Nerelz. As can be seen from Figure 3 the area under
the curves becomes still smaller for Te > Ti’

The scattering cross section per electron of the plasma is
shown in Figure 6 for 0% and H* fons. An approximation due to
Buneman (1962) is also shown, viz

Q
¢z —B g4 s . (11)
(14707,

It can be seen that this holds for T £ 3 Ti The increase
in the cross section for very large vaTves of T /T arises
because the Debye length is increasing causing the assumption
c + 0 to be violated and the spectrum to broaden as « > 1 and
the total cross section to tend towards o = O

In practice values T o/T; outside the range 1.0 < T /Ti < 3.0
are rarely if ever encountered in the ionosphere so that
Eq. (11) provides a good estimate of the dependence of the
echo power with T /Ti provided x_ >> 4wD {i.e.a = 0). At
great heights in the F-layer the ele:tron density decrease
and T increases causing D, to become > 1 cm. It may then no
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longer be possible to assume a + 0 and one must be concerned
with the effect of a finite Debye length. Figure 7 shows the
effect on the ion 1ine of increasing o . in the case

TJ/Ty = 1.0. It can be seen that the power under the curves
decreases as a - large. The power reflected in the jon
component then varies as ue where

U a £ 1.0
o = - - , (12)
(1+a2) (1+ad +T/Ty) ;553£

-te

{Buneman, 1962).

MEASUREMENTS OF Ngs Teo T,

Electron Density N

Using a pulsed radar it is relatively straightforward to
measure the echo power Ps as a function of height h. Figure 8
shows a typical A-scope display. The receiver contributes an
amount of urwanted noise power Pn which can be estimated from
samples taken as h -+ large. Since both I’s and Pn are randomly
fluctuating the uncertainty in their estimates depends as

-1 -

P
AP = n
n w

(13)

where m is the number of independent estimates. The uncertain-
ty of samples of power taken in the region where signal is
present is

p» = 210 (18)

3

where n is the number of radar sweeps. By sampling the noise
at many ranges (i.e. making m >> n it is possible to reduce
the uncertainty in Pn in (14) so that useful estimates can be
made of the echo power even when P << o

From £q. (10} it can be seen that

2
M'3 = Psh o (15}

so that by allowing for the h’ dependence it is possible to
recover a profile of electron density. Figure 9 shows an
example of such a profile obtained using o = 100 usec

{ct/2 = 15 km) pulses. The increase in uncertainty with
altitude 1s evident. To overcome this it is usually necessary
to employ longer pulses to explore increasing heights. In
this reduction it was assumed that T = const. {i.e. Teﬁi

= const, a + 0). As such the profile may be in error if
‘l'e/T1 varies with altitude. It is usual to call such measure-
ments “power profiles”.
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To establish the absolute density scale one may make
absolute power measurements and employ a carefully calibrated
radar, or one may use an ionosonde to determine the plasma
frequency fp at the maximum of the layer.

The measurements of Figure 9 were made by transmitting
right-hand circularly polarized waves and receiving the left-
hand reflected signal. By using linearty polarized waves it
is possible to measure "e vs h by observing the Faraday
rotation of the waves as a function of reflected height h
(Evans, 1969). This method is an absolute one but tends to
become inaccurate at h >> hmax where the rate of change of
the Faraday rotation becomes small.

Actual measurements of the spectra of the signals reveal
that Te > Ti in the F-region during the day-time, requiring
that a connection be applied (Eq. 11) for the variation of ¢
with T‘,!/T,i in order to get accurate results,

Electron and lon Temperature

By measuring the spectrum (or the autocorrelation function
of the signals) as a function of height it is possible to
measure "e' Te and T‘ simultaneously as illustrated in
Figure 10. In comparing the cbserved and measured spectra one
must allow for instrumental smearing caused by the finite

length of the transmitter pulses andfor the width of the filters

in the receiver.

As can be seen from Figure 7 the effect of a + 1.0 is to
change the shape of the spectrum making it difficult to

3.3.
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recover Te/T‘. The value g for TelTi deduced from the
Spectrum neglecting this effect and the true value Tg/Ti
are related approximately by

T
715 = (1+a®)g,a<1 (16)
and
g

thus by successive approximations it is possible to correct

the power profile for the dependence upon Te/Ti and o (Eq. 17)
and thereby deduce Ne and hence estimate a and obtain correct
estimates of Te/Ti (Eq. 16). The measurements of Figure 10 were
secured in this way. An alternative approach presently employed
3t Millstone is to use a computer to search for the best match-
ing spectrum for the case o t0, Te/T1 > 1.0 using the observed
echo power and fOFZ to establish one of the unknowns {Na}.

Contour Plots

The measurements of Figure 10 took 30 minutes to complete.
By making such observations over 24 hours it is possible to
construct countour diagrams of "e' Te' and Ti ¥vs height and
time. Figure 1la-c shows such contours obtained for Milistone
where the data points have been fitted to a smooth (poly-
namial) surface in a least mean Square sense. The method has
been described by Evans and Holt {1976) and provides smoothly
varying estimates of all three quantities as functions of
both height and time. Considerable effort has been devoted
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to examining the manner 4n which each of the three para-
meters depends on the other two, and has been the subject
of many papers (e.g. Evans, 1965)

DERIVED THERMAL PROPERTIES

Introduction

The discovery that during the daytime Te > T'\ prompted
considerable interest and study of the thermal properties
of the {onosphere and this work has been reviewed by Banks
(1969) among others. Here we summarize some of the heat
transfer rates that can be deduced from the measurements of
Nos Teo T4 described in Section 3.

In the daytime the creation of ionization by absorption
of photons serves to heat the thermosphere. Fast photo-
electrons are created which carry away any excess energy
of the original photon over the amount needed to jonize the
atom or molecule, The excess energy 45 lost by collisions
with neutrals and by exciting vibrational or rotational
states of some molecules (e.g. "2" In this ua} most electrons
are slowed to < 1 eV, This remaining energy 1s given to the
electron gas via Coulomd encounters serving to heat it. This
process 1s complicated to calculate because many photo-
electrons travel considerable distances before losing all
their enerqy. They can for example escape the 1ocal ionosphere
and travel slong the flux tube to the conjugete point losing
energy a1l slong the way. In this manner the entire flux tube
is heated and develops a temperature maximum at the equator.

4.2.
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Figure 12 shows early efforts to account for the observed
behavior of the electrons and fons by adjusting the total
heat input Q into the electron gas and the flux of heat Q
from the magnetosphere at 1000 km, "

It can be seen that the electrons become hotter than the
jons above sbout 140 km. The fons by contrast remain close to
the neutral temperature Tn until about 300 km, This {is because
the two species have 1ike masses and hence collisions between
them can effectively transfer heat. Above about 300 km the
jons assume a temperature intermediate between Te and Tﬂ

because they are heated by the electrons (via Coulomb encounters)

at a rate that they can no longer lose to the neutrals because
collisions are no longer frequent.

Protonospheric Heat Flux

The existence of a positive temperature gradient inT
(Figure 10) indicates the existence of a downward flux o?’ heat
conducted by the electron gas. The value of this flux depends
onty on the electron temperature and its gradient

Q

dT
§/2
" Tel Tz' sin 1 (18)

where 1 is the dip angle of the magnetic field. In Figure 13
it was necessary to set Q = 4x10 eVlcmzlsec to match the
observed temperatures.
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Figure 14 shows values of QM computed from average
temperature profiles constructed for S-hour intervals
near noon and midnight at Millstone Hill in 1969, During the
day the flux was typically - 5:109 eV/cmzlsec and showed
little seasonal variation (Figure 14a). At night there is a2
marked variation because at Millstone the conjugate point
remains sunlit in winter. The large peak in October 1967 was
& result of a magnetic storm which caused the ring current
to be driven in as far as the L-shel} {L = 3.2) for Millstone
and greatly increased the heating of the flux tube (probably
through ion-cyclotron damping). Thus we see that QH can be
a sensitive indicator of ring current heating - especially at
night.

The results of Figure 14a show that the winter day values
of Qm are slightly larger than the summer ones and this appears
to be a consistent feature as can be seen in Figure 15. In this
f%gure the average of 6 months data for summer and winter are
Plotted for 5 years, It is clear that the flux increases with
sunspot number (or solar flux) and this presumably reflects a
greater photoelectron escape at sunspot maximum,

Heat Transfer Between Electrons and lons

Heat is transferred between the electrons and 1ons at a rate
Qei where

N, N (T -T,)
i = S e e i (19)
T 2
e
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Since above the D-layer Ni = Ne all the quantities in (19)
can be determined by radar and Qei Computed quite reliably,

4.4. Heat Transfer Between Ions and Neutrals
Heat given to the ions by the electrons is transferred to
the neutrals and conducted to lTower altitudes. The transfer
rate to atomic oxygen (which is the dominant species in the
F-region) proceeds at a rate
Qn = N MO) (Ty - T ) (1, 4T )12 (20)
4.5. Exospheric Temperature T

At F-region altitudes an estimate can be made of the neutral
temperature Tn by setting

ei * Qi - (21)

Ttis is possible because local heat transfer is much more
inportant than conduction for the fons. This yields



7 2
a.82 x 10' N, (T, - T/,
T,-T, = (22)
6.6 N(N,) + 5.8 N(0,) + 0.21 N(0) (T + 7 )72
- 2 ' 2 v { n

The neutral number densities required to solve Eq. (22) mey

be obtained from an empirica) model of thermosphere, e.g.,
Jacchia (1965). In this approach T initially is set to T, in
the denominator on the right hand side of £Eq. (22), and in 2
second iteration it is set to the value computed from the

first jteration, so that the difference T, - T“ is estimeted.
1f the solution is obtained for an altitude > 400 km, the value
of T obtained may be taken equal to the exospheric temperature
with little error. Alternatively, T may be estimated at several
altitudes in the range 250-500 km from the radar observations,
and them employed to give several independent estimates of this
exospheric temperature, assuming 2 Bates profile

T, o= Ta - (1o - Tg) exp [-s (h - 120)] (23)

where s is the inverse scale height parameter and h the height
in &km. T is the temperature at the lower boundary (120 km). In
this lpproach errors in T, of + 100°K and in s of +.005 intro-
duce less than + 3% errors in T_ . Similarly Jarge errors in
N(O) {in Eq. 22) can be tolerated since they contribute only to
the correction to be applied to T, to get T

- 19 -

The alternative method of obtaining the exospheric
temperature utilizes the fact that atomic oxygen is the
most abundant neutral species in the upper thermosphere
(> 300 km). Accordingly, it is valid to simplify Eq. {1)
by i{ncluding only the term representing the heat transferred
to atomic oxygen. Then, given radar estimates of T N 11 and
Ng» there remain only two unknowns, namely, N(D) ll’ld Tor
Assumng N(0) to be in diffusive equilibrium and T to
follow the Bates profile {Eq. 23), one can solve by
regression analysis for T_, s and N(O)zref. where Zef
the reference altitude for the diffusive equilibrium distribu-
tion of atomic oxygen. In this second method, it is prefer-
able to employ radar measurements at many altitudes in the
thermosphere, say between 100 and 500 km, obtained with good
height resolution (see Figure 16). This is important since
one must solve for three parameters simultaneously, and may
as well solve for a fourth parameter, namely To' to anchor
the temperature profile adequately. The method may be applied
successfully during the daytime hours when there is adequate
energy imbalance, i.e., ('l’i -1 ) is large, say 100-200°K.

At night, the first method must be used, but then is almost
independent of N(0) since T, = T

The principal source of random error 1s introduced by the
experimental uncertainty in determining Ti' since errors in
the determination of N and Te contribute only errors in the
correction applied to T to obtain T With care, T, can be
determined to an uncertainty of < 152 from observations
extending over several minutes. By combining observations
made at several altitudes, the error in the derived estimate
of T will be less. Systematic errors therefore probably
have been a more serious limitation in most of the measure-
ments made to date.
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Figure 17 shows values of T, cbtained vs local time for
different times of year. It is clear that the temperature
maximizes near 1500 hrs in winter, 1600 hours at equinox and
1700 hours in summer. Results for T from a1l the incoherent
scatter stations have been incorporated into the Mass Spectro-
meter/Incoherent Scatter (MSIS) mode) of the neutral atmo-
Sphere of Hedin et al. (1977) and Evans et al. {1979) have
reviewed the contributions of #ncoherent scatter ¢o our
understanding of the diurnal, seasonal and sunspot cycle
variations of the temperature of the thermosphere.

Neutral Temperature Below 300 km

The solution for the neutral temperature below 300 km
{Figure 16) is aided by the fact that between about 115 km
and 135 km T, « Ty = T_ and in this interval 0, and N,*
are the dominant ions. By adopting a mean fonic mass m = 31
or 31.5 amu it is possible to reduce the spectra obtained
tn this region and obtain reliable estimates of temperature.
This work has been reviewed by Evans (1978), and has
contributed considerably to the study of propagating tides,

5. PROPERTIES OF THE NEUTRAL ATMOSPHERE

5.1.

Atomic Oxygen

In Figure 16 a solution was obtained for the abundance of
atomic oxygen at 400 km. This depends upon the observed rate

5.2.

-2t~

of change of {on temperature with height and is the para-
meter least reliably obtained. Nevertheless the French
group have attempted to determine N(O)400 by this method
(Baver et al., 1970, Alcayde et ad. (1971), Figure 18
compares results obtained by the method with the 0G0-6 and
Jachia 71 models. While it appears that the method yields
reasonable results near midday the values at sunrise and

sunset seem too low. The reason for this discrepancy is not
known,

Molecular Nitrogen

Below about 115 km {depending somewhat upon the radar
wavelength) collisions between ions and neutrals begin to
modify the shape of the spectrum. This effect, which was
ignored in Section 2 is i1lustrated in Figure 19 for various
walues of o where

VoL P (24)

where L; is the mean free path of the {ons.

As can be seen the effect of collisions is to narrow the
spectrum eventually causing it to be Gaussian in shape at
ar altitude below 100 km,

In the region 115 to 100 km approximately it is possible
to estimate both Ti( . Te . Tn) and the jon neutral collision
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frequency Yne This may be used to estimate the abundance
of the dominant species (Nz) at these altitudes via

y, = 0.9 x 1075 Nwy)  bsec™) (25)

(Wand and Perkins, 1968). Figure 20 shows estimates of the
Nz concentration at 100 km observed in France vs local time
for six days in 1969, The time variation probably is caused
by diurnal and semidiurnal tides which dominate the behavior
of the thermosphere at this altitude (Evans, 1978). Figure 21
shows the seasonal variation in N2 concentration at 100 km
altitude. It is clear that these types of measurements can
contribute greatly to models of the neutral atmosphere but
to-date they have not been made at enough stations to warrant
this,

10NIC COMPOSITION

Introduction

Over some altitudes of the ionosphere mixtures of ions
are present. These complicate the interpretation of the
spectra from these regions. Where only a single fon s present
one may determine what the species is if the fon temperature
is known {cf. Figure 5). Usually, however, the reverse process
is employed, 1.e., based on mass spectrometer results it is
assumed that:

"
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90 < h < 140 km 0; and I'lz+ fons present
m o= 35 AW

200 < h < 1000 km 0* fons present

LI 16.0 AMU
h > 1500 km H* ions present
m o= 1.0 AMU
so that temperatures can be obtained for these regions un-

ambiguously. We discuss next what can be done in the inter-
mediate regions where mixtures are encountered.

Light lons

Above about 600 km depending upon time of day and latitude
H; and H* fons are encountered. Figure 22 shows how the
spectrum changes shape for a mixture of 0* and H* fons when
Te/Ty = 1.5, For mixtures of 0* and either H: or H' it is
usually possible to determine Te' T‘ and the percentage
sbundance of the 1ight fons. In the more general case when
311 three ions are present (i1lustrated in Figure 23) it is
difficult to separate the relative abundance of each unless
TeIT1 is known, Thus, for example, at Arecibo it becomes
difficult to deduce the jonic composition except at night
when it can be assumed Te . Ti' Figure 24 shows results
obtained for late evening in February 1972,
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At the latitude of Millstone it appears (from mass spectro-
meter measurements) that H' is always much more abundant
than He+' Accordingly, 1t is possible to solve for the K'
abundance (by assuming He+ %2 = 0) even when TelT1 is not
known. Figure 25 shows results for a winter night. During
the day at Millstone and at night in summer only a small
percentage of K is detectable {~ 1-2%) near about 800 km.
This is because at such times the W' flux is close to its
limiting escape value {Under such conditions the H' con-
centration peaks near 80O km and then decreases again as
shown in Figure 26, At such times 0% may be the dominant
fon to altitudes h > 2000 km.

6.3. Heavy lons

The transition between 0F ions and molecular species
(NO+ and 02+) observed from rocket measurements at various
times is illustrated in Figure 27, Unfortunately, mixtures
of these fons produce spectra which are indistinguishable
from spectra produced by a single species with an appropriate
change in temperature.

The best method for solving for the ion compoesition in
the region 140 < h < 240 km appears to be that employed by
Ol{ver (see Evans et a1., 1979) in which appeal is made to
the photochemica? theory for this region. This describes
the shape of the transition curve with only two free para-
meters namely the height of 50% o* (zso) and the optical
depth of the atmosphere at this level Tgge It now becomes
possible to solve for LT and Tsp if it is assumed that the
ion and neutral temperatures are the same in this region and
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given by the Bates formula (Egq. 23). That is all the spectra
obtained between 120 £ h § 500 km are used to solve for T,

T° e S, R(D)400 + 2gq nd Tgg - Flgure 28 11lustrates the
basis of the method. Composition curve a clearly produces un-
realistic temperatures, while curve b {s consistent with
expectation. Figure 29 shows results obtained for one day by this
method. Some of the results of an analysis of data gathered at
St. Santin de Meurs using this approach have been given by

Evans et al. (1979).
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MEASUREMENTS OF NEUTRAL WINDS

Introduction

A11 the measurements discussed thus far {in Sections 3-6)
depend upon measuring only the shape of the signal spectrum, or
equivalently the autocorrelstion function (i.e., its Fourier
transform). Stated differently if a(1) and b(1) are respective-
1y the real and imaginary parts of the echo autocorrelation function
the information on the shape is contained in the amplitude part
p(1} where

o1y = /a%(x) + b2(1) (26)

1f the spectrum is truly symmetric and centered exactly on
the radar frequency then b{1) ~ 0. 1¢, however, the plasma is
moving as a whole the spectrum will exhibit an overall doppler
shift as 11lustrated in Figure 30 where the shift af, is given
by

xd 27
Afd = T; + ( )

In the case of monostatic measurements the drift velocity

observed is the component along the radar 1ine-of-sight. For bi-
static measurements it is the component along the perpendicular
bisector of the two beams (i.e. the direction OP in Figure 1).

1f the autocorrelation has been measured the doppier shift
can be recovered from the rate of change of the phase ¢ with
1T , where

1 ¢
44 = % (g7, (28)

in which ¢ = arcten - 2 (29)

1.2.
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£ Region Winds

7.3,

At altitudes below about 115 - 120 km where the ion neutral
collision frequency s larger than the fon gyrofrequency it
is possible for neutral winds to drive fons across the field
Tines. Under these circumstances the ion motfion serves as 2
tracer allowing neutral winds at these altitudes to be
determined. Figure 31 shows observations of the southward
component of the horizontal wind at 103 km observed over Mill-
stone Hi1l on several days in 1976, The results show clear
evidence of semi-diurnal tides and have been reviewed by Evans
(1978).

F Region Winds

In the F region neutral winds are thought to be unable to
drive the ions across field 1ines. This is because such motion
would produce a Hall drift thereby polarizing the layer. The
polarization field would be communicated to the E region where
it will be shorted. At the equator (and perhaps at other lati-
tudes at night) the polarization field may not be shorted in
which case the fons will move as a result of the induced
polarization electric field. When they have schieved the same
speed as the wind they no longer experience any acceleration
{i.e. in the rest frame of the wind they see no field), and
thus the wind does set the {ons moving with the same speed
and direction,

Except under these unusual circumstances a neutral wind
in the magnetic meridian serves only to drive fons upwards
or dowrwards along the field line as shown in Figure 32 . In
the daytime neutral air winds blow polewards (i.e. away from
the equator) tending to drive the F layer to lower heights
while the reverse happens at night.
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The force exerted by the component of the neutral wind
tlong the field 1ine must compete with the tendency of the
plasma to diffuse dowrwards under the influence of gravity at
a rate that depends upon the ambipolar diffusion coefficient
D , and the pressure gradients in the plasma. This diffusion
velocity Yo proceeds at » rate (Vasseur, 1969a.3.

T dN d{T _+T,)
Vo " -Ds‘ll'l2 !(1+T$)[Nl;*a-z£*'re%7;'—§z—-i—*“li-](3o)

where H is the scale height the plasma would adopt in
diffusive equilibrium
k(T +T.)
My o= e i (31)
m g

where k 1s Boltzmann's constant., In (30) a1l the parameters
needed to compute vp are known except :} which depends upon
the neutral density. However, by appeal to a model atmosphere
D can be determined. The observed vertical velocity v, may
then be used to compute the horizontal meutral wind v, in
the magnetic meridian via

v, = U! cos Isin] + A . (32)
Eq. (32) neglects any vertical motion imparted to the fons by
electric fields (See 9.). These can be measured {1f the drift
velocity perpendicular to the field 1ine B in the magnetic
meridian can be measured. Alternatively, 1f the velocity
parallel to the field B 1is observed {va ) Eq. (32) and (31)
can be reformulated to the drift velocity in this direction
which 1s independent of any electric field effects.
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Figure 33 shows (top panel) measured values of v, over
Millstone at 300 km. In the center panel the vertical
diffusion velocity ¥y Computed from the measured values of
Ne . Te .-T1 {via Eq. 30) 1s shown. The Tower panel shows
the wind U, computed via {32). Figure 34 shows winds computed
for a winter and summer day. These exhibit differences result-
ing from the variation of the global heating with season.
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F REGION VERTICAL ION FLUXES

Introduction

B.2,

vertical fluxes of the ionization in the F region arise

from the competing effects of production, loss, and diffusion.

As noted sbove winds can modify the rate of diffusion. In
order to measure the wind velocity it 1s necessary to do so
at the altitude where production loss and diffusfon are all
comparable, 1.e. at or somewhat below the F region peak.

velocities Above h F2

B.3.

M X

Well above the F region peak diffusion dominates, i.e. the
diffusion coefficient D in (30} becomes very large making
it difficult to determine v, . Accordingly, at these alti-
tudes measurements of v, tend to be sensitive primarily to
he effects of the growth and decay of the layer at down and
sunset. This is {11lustrated in Figure 35 for an altitude of
600 km. Besides the large vertical velocities when the layer
is growing or decaying one can also see short period fluctua-
tions at are due to gravity waves which produce travelling
fonospheric disturbances {(TiDs) which introduce fluctuations
in the neutral wind velocity alternately raising and lowering
the layer as a whole.

F Region Vertical Fluxes ynder Equilibrium Conditions

Measurements made near noon when the Tayer is in equilibrium

allow the vertical fluxes to be observed that depend only on
production and loss. Figure 36 shows average midday fluxes

.31 -

over Millstone for summer and winter. BeYow ~ 600 km foniza-
tion diffuses downwards from the level where it is created
ts levels below 300 km where it is lost. Above this altitude
0% Siffuses upwards to a level where it charge exchanges
with H' and so supports an escape flux. The escape f1ux
abserved in Figure 36 appears to be ~ 5 x 10.'l 1onslcn Isec
trut depends upon sunspot cycle {(and hence the neutral H
zbundance).
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ELECTRIC FIELDS AND CURRENTS

Introduction

9.2.

In the F region it 1s believed that plasma moves across
field Yines only as a result of an electric field-induced
Halt drift. The perpendicular velocity is

;; = t—sz! . (33)

This is the so-called "frozen field" concept. Evidently if
three components of the drift velocity can be measured for
the plasma in one region (e.g. using three intersecting beams)
it will be possible to determine orthogonal components of the

electric field. With a monostatic radar it is usually not possible

to observe normal to 8 and in any event the same region of
the plasma can be viewed from only one direction. It then
becomes necessary to assume spatial uniformity over the region
under study. This s clearly undesirable where the field might
be varying rapidly {e.g. in the vicinity of an auroral arc)
but after one component dominates and can be measured in one
place continuously.

It is usually considered that the plasma moves according
to (33) at all altitudes {n the F region above about 160 km,
hence E‘ {s the one parameter that can be measured at any
altitude.

Electric Field Measurements

The earliest observations of electric field were those made
over Jicamarca where the E-W polarization field established by
dynamo action in the E region produces vertical drifts in the
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F region (i.e. in the E x B direction). These results are
11lustrated in Fig. 37. Subsequently electric fields have
been measured at all other latitudes and this capability of
the incoherent scatter technigue s of great value at aurpral
latitudes allowing the convection of the magnetosphere to be
studied by means of ionospheric plasma drift measurements.

E Region Measurements

In the altitude between about 110 < h < 160 km jons respond
to bothneutral winds and to electric fields, Since, however,
E; canbedetermined from F region observations the E region
neutral winds (E)E can be determined from observations of
horizontal ion drifts at these altitudes.

Given the neutral air motion it is possible to compute
the electric field seen by the ions in the rest frame of the
air, provided that the ratio of the ion neutral collfsion
frequency v. to the fon gyro-frequency w; 1s known. This

in
requires appeal to a model for the neutral atmosphere.

By appeal to the same neutral air mode]l and the measured
electron density profile Ne it is possible to deduce the
Hal oy and Pedersen % conductivities. Knowledge of the
electric field in the rest frame of the air then allows the
calculation of the currents that must flow. Figure 38 shows
results obtained by Harper (1977) for the currents flowing
over Arecibo near noon as a consequente of the combined effect
of the winds and electric fields. The winds in this case are
of tidal origin end hence rotate with altitude. The broken
1ine shows the current that would have been calculated neglect-
ing the effects of the winds. The expressions for these
currents are of the form
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%

OH
5, * ey (Ex - Uy B sinl) gy (Ey ¢ Uy B sinl) . (34) 10.  RECAPITULATION

Figure 39 shows & diagram that traces how the various
parameters that have been discussed are derived. In this
diagram Ne'l is the electron density "power profile” , i.e.
uncorrected for altitude variations of TelTi or a . It
represents the only parameter that can be determined by measur-
ing only the total power versus height P(h). A1l other para-
meters require measurements of the signal spectra (or equivalent-
1y their autocorrelation functions) versus height. Te . Ti s
¥in and fon composition information depend only on the shape
of the spectrum. They can be used to obtain thermal properties
(e.q. QH 2 T_) and neutral densities (e.g. N(O)‘DO N(NZ)IOO)
a2 described in Sections 4 and 5. These contribute to defining
2 model for the neutral atmosphere which together with measure-
ments of Ne , 81lows the £ region conductivities to be calcu-

The currents flowing in the E region at auroral latitudes
{auroral electrojet} are of particular significance for heat-
ing the thermosphere (Joule heating). The rate of heating can
be computed from cp (E") where £ 1s the electric field
in the rest frame of the air (i.e. Ex - Uy 8 sin I).

Tated [up . OH).

Also shown in Figure 39 is the recovery of information on
the spectrum F(E),mean energy <E> , and heating rate Qp of
particles precipitating into the region by unfolding the
production function g(h) needed to sustain E region ioniza-
tion at night (st aurora) latitudes). Much use has been made
of this capability at Chatanika and from these data attempts
nave been made to estimate the paraliel current Ju into
suroral arcs.

Measurement of the overall doppler shift of the spectra {or
equivalently the rate of change of phase fn the autocorrela-
tion function) provides estimates of lon drift. The component
parallel to B (va) in the F region when combined with esti-
mates of the diffusion velocity vy provides & measure of
the horizontal thermospheric wind in the magnetic meridian.
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Measurements of the components perpendicular to E
provide estimates of the F region polarization electric
field E; . When combined with measurements of the horizontal
drift ;h of the fons in the E region these allow the E
region neutral wind (3)E » E region currents and JoJle
heating to be calculated (Figure 39).

-37 -

11, PLASMA LINES

11.1. Introduction

When o+ 0 the only contribution of density fluctuations
among the electrons to the scattering that results from electron-
electron interactions 1s a weak component due to a plasma resonance.
This component appears as two lines displaced from the radar frequency
by an amount f » which 1s close to the plasma frequency f . In
the absence of a magnetic field f is given by

2 172
foo= 2f (1+ad) (35)

where a = 29 Deflp

At night the amount of power associated with each line is of
the order of az times that in the ionic component, and presently is
detectable only by the radar at Arecibo. During the daytime the lines
are enhanced by the presence of fast photoelectrons {Perkins and
Salpeter, 1965), and by studying the echo intensity it is possible
to detect the lines over a range of values of f that depends upon
the radar wavelength. By locating the altitude at which a particular
line is detected the plasma frequency vs height can be determined
(and hence Ne)’ This is illustrated in Figure 40.

Since the intensity of the )ine depends upon the properties
of the velocity distribution of the electrons by studying this {t
is possible to learn something about the photoelectron energy
distribution. A detailed review has recently been presented by
Cicerone (1974) and here we only outline the approach.

The plasma line echoes are caused by scattering from weakly
damped longitudinal electrostatic plasma oscillations with frequency
fr » wavelength Ap + and phase velocity vph (= fr Ap) . Photo-
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electrons which overtake the waves can transfer energy to
them and it is this process that gives rise to the enhance-
ment during the daytime. The required energy of the electrons
is

E oy e () = 37 (13" (36)

and hence for 8 given radar is a function only of the electron
density prevailing at the height under study.

Electrons that are overtaken by the waves will remove energy
{Landau damping), and thus at each height the wave intensity
wil) depend upon the ratio of the number of electrons with energy
s1ightly greater than E , to the number with energy slightly
Jess, i.e. on the slope of the velocity distribution function
of the photoelectrons F {v) in the vicinity of Voh * The
radar results may be used to determine the ratio R by which
the plasma line echo intensity has been enhanced by this
process, where {Yngvesson and Perkins, 1968)

Fm (Vph) +x + Fp ('ph)
Fm(vph) +y - kTe de (vph)/dEph

(37)

In this equation F. ('ph) describes the effects of plasma
wave-thermal electron interaction, and {n the case of the fono-
sphere must include the effect of gyrorotation which allows
relatively slow thermal electrons to damp and excite plasma
waves. Depending somewhat on the direction of the radar beam
with respect to the magnetic field this process places 3 lower
1imit on the frequency f_ at which the enhancement may be
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seen, which is of the order of f_ = 1/3_ when Ap is

expressed in meters. The term x 1in {37) describes electron-

fon collisiona) excitation and damping of the waves and serves

to place an upper 1imit on the frequency range of the enhance-
ment of the order of fr = 3lkp MHz {Yngvesson and Perkins, 1968).

Figure 41 shows the range of plasma frequencies over which
the plasma line can be expected to be enhanced for wavelengths
of 70 cm, 23 cm, and 200 cm and for directions along (¢ = 90°),
ao® (¢ = 50°) and at 80° (# = 10°) to the field direction [
In these plots the lowest frequency at which the enhancement occurs
is set by the rule of thermal electrons dominating the energy
distribution and the high frequency limit is imposed by elec-
tron-ion collisional damping.

Figure 42 shows measurements of the plasma line intensity
kTp for various plasma frequencies in the region above hmax F2.
Trom these measurements it ts possible to deduce the derivative
af the one-dimensional velocity distribution at many heights.
1f it #s then assumed that, at these altitudes all the photo-
electrons are escaping, and hence the velocity distribution is
height independent, it is possible to combine all the results
to determine what the distribution is for the photoelectrons.
Figure 43 provides an example of the particle and energy fluxes
computed in this manner. (In Figure 39 the energy distribution
function for the photoelectrons is shown as 2 box F{E) connected
to the plasma line observations.

An alternate approach employed by Cicerone and Bowhill (1971)
fs to model the photoelectron production and transport processes
and adjust the results to reproduce the observed values of R.
The results appear to be reasonably consistent with direct
measurements of photoelectron fluxes using satellites (Cicerone,
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1974). Other uses of plasma line measurements have been
in the study of the transport of photoelectrons from the
magnetically conjugate point (Evans and Gastman, 1970;
Carlison, 1972}
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

Figure 4

Figure §

Figure 6

Diagram showing the direction of incident and reflected
waves ant the components of the plasma drift that can be
observed for a bistatic radar system. In the direction
0P the {mportant spatial scale for density fluctyatiors
15 Ap .

Sketch of the frequency power spectrum of incoherent
scatter signals for the case o+ 0 and Te =T, . The
radar frequency is f .

Spectra (one side only) of the reflected power for the
case a-+ 0 and Te/T1 2 1.0 (cf. Figure 2).

Spectra (one side only) of the reflected power for the
case a~+ 0 and Te/T1 = 1.0, 2.0, 3.0, for three

ions plotted on a normalized frequency scale {after Moor-
croft, 1964).

The spectra of Figure 4 are here plotted on an absolute
frequency scale to 11lustrate the increase in width
that accompanies the reduction in jon mass (after Moor-
croft, 1964).

The variation of the observed electron cross section
o, B85 a function of Te’Ti for the case o+ 0
at Te’Ti + 0 (after Moorcroft, 1963). The dashed
curve shows the variation predicted by Eq. (11) given

by Buneman (1962).

Figure 7

Figure 8

Figure 9

Figure 10

Figure 1}

Figure 12

Figure 14

Figure 15
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Effect of {ncreasing the Debye length De on the ion
component of the spectrum for the case Te - ‘r1 {after
Rosenbluth and Rostoker, 1962).

A-scope display showing incoherent scatter returns
from the fonosphere (between 200 and 500 km) and receiver
noise,

Electron density profile obtained from measurements
of echo power vs delay using 100 psec pulses. In this
case ft has been assumed that ¢ = const.

Plots of Ne . Te . Ti obtained for Millstone Hill
from measurements using pulses of 100, 500 and 1000
psec.

Contour diagrams showing the variation as functions
of height and time the electron density, electron and
fon temperature obtained from plots such as Fig. 10.
a) Log10 Ne; b} Te H c} T

Early efforts to account for the observed electron
and ion temperatures (points) observed at Millstone
HT11 by adjusting the total heat input ¢ and flux
from the magnetosphere . Ne is the measured
electron density profile (Evans and Mantas, 1968).

Average daytime and nighttime values of the heat flux
Qh from the magnetosphere over Millstone in 1967.
8) Daytime; b) Nighttime

Yariation of average daytime magnetospheric heat flux
for 6 summer and 6 winter months with year. Also shown
ts the average 10.7 om radio flux from the sun.



Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Figure 22
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values of electron density, electron and ion temperture
measured at Millstone Hi11 together with the variation
of the neutra) temperature T, (Eq. 23) deduced from
these measurements, The parameters for the solution are
given in the right-hand panel.

yariation of exospheric temperature deduced from the
incoherent scatter technique for different times of

year.

Atomic oxygen density at 400 km as a function of local
time for B Oct 1969 over St. Santin de Maurs (45o N) based
on incoherent scatter and satellite measurements (after
Hedin and Alcayde, 1974).

Effect of ion neutral collisions on the spectrum shape
for the case Te = T1 . Bere ¥y is a measure of the
ratio of the scalte ) explored by the radar to the
mean-free path of the ions {Dougherty and Farley,
1963).

Estimates of "2 concentration at 100 km obtained

{via Eq. 25) from estimates of Yin in France. The varia-
tion with local time is due to diurnal and semi-diurnal
tides (Waldteufel, 1971},

Estimates of N, concentration (cf. Fig. 20) vs time
of year obtained from observations at St. Santin de
Maurs (Waldteufel, 1971).

Variation of spectrum shape for a mixture of o' and He'
(N5} for TeITi = 1.5 {after Moorcroft, 1964),

Figure 23

Figure 24

Figure 25

Figure 26

Figure 27

Figure 28

Figure 2%

Figure 30

Figure 31
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Yariation of spectrum shape for mixtures of o* ’ net

and H* for T /T, = 2.0 (after Moorcroft, 1968).

Composition results obtained over Arecibo at night
when it can be assumed Te . T1 {Hagen and Hsu, 1974).

Measurements of electron density, H* concentration,
Te » and T1 at night over Millstone in winter when
the proton flux is downwards,

Theoretical curves for the W' concentration for various
values of the proton flux. In this plot the critical
escape flux that can be supported by vertical diffusion
is 1.35 x 10B 1ons/cm2/sec.

The transition between 0* and motecular ons (NO+ and
02+) according to various rocket measurements.

11lustrating how the composition variation in the Fl
region can be obtained if a variation is assumed for
the ion temperature such as the Bates formula (Eq. 23).

variation of the six parameters T_ , To s S N(D)400 ,
ey and  Tg, obtained on one day from a simultaneous
solution for a1l the spectra over the height interval

120 € h ¢ 500 km obtained at St. Santin by Dliver (see
Evans et al., 1969).

Effect of a drift of the fons on the spectra of the
signals.

Horizontal neutral winds observed in the E region over
Millstone Hill on several days in 1976 (Wand, R.H., un-
published).
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Sketch 11lustrating the tendency of a neutral wind
to drive tons along the field lines,

Measurements at Millstone Hill of vertical fon drift
v, at 300 km (top panel) computed diffusion velocity
Yy (center panel) and meridional neutral wind Ux
(bottom panel),

Meridional neutral winds observed over Millstone Hill
on a sumer and winter day (J.E. Salah, unpublished).

Vertical velocity af the F layer v, observed at
600 km. The large velocities at sunrise and surset are
caused by the growth and decay of the layer. Also
evident are fluctuations caused by gravity waves.

Daytime average vertical fluxes over Millstone Hill
obtained for summer and winter in 1969 from observations
of Ne and v,

Electric field (E x E} induced drifts over Jicamarca.

The electric field is in the E-W direction and is
produced by dynamo action in the £ region. When “crossed”
with the N-S magnetic field this gives rise to vertical
drifts in the fonosphere.

Currents computed over Arecibo from observations of
E and F region fon drifts which provide estimates of
the F region electric field E‘ and the E region
horizontal winds (E)E (Harper, 1977).

Diagram showing how the various parameters discussed in

Sections 3-9 are derived from incoherent scatter observations,

Figure 40

Figure 41

Figure 42

Figure 43
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Observations of echoes from the plasma line at frequencies
between 4.3 and 7.3 MHz above the radar frequency (left
panel) and the density profile constructed from these
(right panei). (K.0. Yngvesson, unpublished),

Range of frequencies over which enhanced plasma 1ines

may be detected at three wavelengths and three angles ¢
between the wave and the normal to the field 1ine (Yngves-
son and Perkins, 1968).

Plasma line intensity (kTp) for various plasma frequencies
observed for Arecibo at heights above hmax F2 (Yngvesson
and Perkins, 1968).

Example of the photoelectron energy distribution derived
from incoherent scatter observations of plasma line
intensity (Yngvesson and Perkins, 1968].
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TEERMAL TLUCTUATIONS 1K A PLAS!th.

T. Hacfors.

EISCAT Scientific Association, Kiruna, Sweden and
The University of Trondheim, Norway.

Abstract.

A derivation is presented of the fluctuation properties of a plasma
near thermodynamic equilibrium. The derivation is based on the
principle of superposition of dressed particles which allows the
fluctuations to be derived from basic physical principles without
prior knowledge of plasma physics.

The fluctuations in a magnetized plasma with unegual electron and ion
temperatures are discussed in considerable detail, but the
complications arising from ion-neutral collisions and from the
presence of suprathernal particles are only briefly mentioned.

1.0, INTRODUCTION.

When spatial fluctuations or random refractive index fluctuations
are present in a medium a wave cannot propagate through it without
being randomly scattered into other directions. In most cases the
spatial fluctuations are alsoc time dependent and the time
variation will be impressed as a modulation on the scattered wave,

Such scattering occurs with many types of waves and particle beams
in a variety of physical situations. Here we shall be concerned
only with the scattering of electromagnetic waves from a partly
ionized plasma near thermodynamic equilibrium. We shall not deal
with the much more difficult nroblem of turbulent plasmas.

There exists a profusion of theoretical work which derives the
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broverties of rlasma density flucruations je.o. i-t]. These
density fluctuations are directly preoortional to the relractive
index fluctuations and are therefore of rnain interest -~ yg hire.
The properties of the density fluctuation car be derive? .n Tany
different ways, but it appears that the most direct method -
rejuiring the least vrior knowledge of plasma phrzics - is the
one which relies on the Superposition of indepencent cGressed
particles. For a development of the concept and a justification,
vlease, refer to Rosenbluth an3 Rostoker (7].

2.0. RELATIONSHIP OF THE SCATTERING AND THE ELECTRON DEXRSITY
FLUCTUATION,

Consider first the reradiation {rom a group of independent electrons
in a volume V resulting from an incident plane monochroratic wave

o - - i(mot-:-r)
E(r, t) = Eoe {2.1)
where

[ %)= wo/c

€ = velocity of light (3-103m/sl

Dhserver

Incident wave

-y g..
k=T T

Fig. 1, Scattering by single electron.

The magnitude of the electric field from a £ingle electron at
rp seen by the observer will be:

dlegt-K +T_(t)) -i=33 +iF_+T_(t)
0 i Tp 1 c"0 ) .
C¢ - EU e E;e €y ® 2.2

where Ei . Es and R, are defined in Tigure 1 and wnerc
% is the effective scattering “radius” of the electron defined
by:

2

e 1
Op = r vSing = ——— . *$ina
4] 2 ‘ﬁtu Rﬂz
= 2,91:10" egina (m) {2.3)
where:
e = electron charge (1.6-10"1%¢)
m = electron mass {9.1-10'31kg)

€, = dielectric constant of free space (B.354-10 1%p 1)

The fac:ior sina takes into account the "coupling” between the
incident wave and the scattered wave. When the incident wave is
linearly polarized o is the angle between EO and k. .

When many scattering electrons are present inside the volume V
the observed field is given by the sum

% imo(t-RD/c) N 1k-rp(t)

E = E — @& - (2.4}
obs 0 Ro p=1
where N is the total number of electrons in V and where:
K=k -k (2.5)

] 1

We next imagine the particle density to be expanded in a spatial
Fourier series through:

1 » 1Ke¥
- - -
n{r, t) = & [ n(k, t)e” %°F {2.6)
K
where -¢.¢
n(k, t) = I d(?)n(?. t)e*ik r (2.7)
v

Since the scattering electrons must be considered point
particles at ;p(t). P = 1,.N the density must be:
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N
nir, ) = [ S(r-r_ft}} 12.5)
p=l !

with a spatial spectrum

. N HEer (8) N
nik, t) = Je Poe Tr k, t) {2.3)
o=l p=l -

A comparison with (2.4) shows that the observed scattered field
from the independent electrons may be expressed as:

o 1(t-n°/c)uo

0
Eons = Eo R

n(k, t) (2.10)
The complex amplitude of the received signal is:
9, .
Aglt) = ‘i;EO)“(k‘ t) (2.11)

The properties of the received signal can be described
statistically by:

. 0.2/ ¢ o -
(Ropg [t Agpg (EFTI) = R {n* (%, v, o))

o.E. 2
00 ®
- 5 ) ngev <hp(k, t)np(i, t4<))  (2.12)
where n, is the mean electron density and where: "p Ght]
. iKe (F_(t+1) =T, (£))

<hp(i, t)np(i, t+1i> = e P P (2.13
is the mutocorrelation of density fluctuations associated with
a single slectron.
Similarly, the vower spectrum received is determined from the
HWianar-Xhinchine's theorem

-

Pob.lw) - nO-V'Poe.p(k'w) (z.14

where Poe is the power scattered by an individual electron uncer

the same geometrical conditions and where:

+m
¢p(ﬁ.m) - ! (nptﬁ, tintk, t+1;> A THR

ik (r (t+1)-T_(L
ik( pt ) s !{}-e-i“Tdr

+m
)
4=
- l oK, tie Y¥7aq
P

We often need the integral:
-
G(ilu) = [ Db(ivT).-iu‘dT
'k
with this function the spectrum of a particle becomes

epti,u) = 2:Re{G(k,w)).

3.0. PLASMA OF NON-INTERACTING PARTICLES.

Iz will become aprarent in the next two sections that both the
plasma response to an electric field as well as the thermal
driving force can be described on the basis of the motion of
non-interacting particles. It is, therefore, useful to study
taeir motion in some detail. Both electrostatic interaction and
some ghort-range collisional interactions can be accounted
for .

e &ssume that the static magnetic field ﬁu is directed along
the z-axis. It will be convenient to introduce "colarized"
coordinates to describe the position of a particle:
Cartesian: Polarized:
Te= {x, y, 2} ¥eir,. ry, 5l {3.1)
The relationship between the two descriptions is
- 7§lx+1y)

r, - 7%(x-1y) (3.2}

Io- z



The advantage of thnese pbelarized coordinates becorss eidcac

when we state the eguation of rotion of & particle:

dv

d—t-ﬂ = -iadv, {a = 21, 0} (3.3

a3
ns_g.
m

where 9 and m are the charge and the mass of the particle
{electron or ion) respectively. From this we determine the
relationship between the velocity at time t' = t-1 in terms of
the present velocity {at t)

Vit-1) = F{0)¥(t) (3.4)

where (1) is a diagonal matrix with elements,

ialt
(1”(':)):‘JL e ga(r)
The past particle position can be determined similarly in

terms of present position and present velocity through
E(t-1) = I(x) - T(DT(e)

where I'{7) is a diagonal matrix which determines the particle
helical motion. The elements are given by

- ialr

(r(T))aa o 1:9-1

= ga(r) {a = +1, 0)

The single particle autocorrelaticn, eq. (2.13) now becores:
> 13-v
Dp“t,'l'] -(e >

where

B, kn'g-u
The actual form of pD(R,T) denends on the statistical
distribution of velo&ities, the magnetic field strenjth ans
the angle 8 between k and the magnetic field direction. For a

Maxwellian velocity distribution:

13.5)

(3.7}

(3.8)

(3.9)

-7 -
2.2
o =V /2y
£,09) = (2n)'3/2v;;e th

where

\.'2 = T/m

th
T = kinetic terperature (in energy units)

&nd obtains

1.2 (=, 2
- “3Venlal
op(k,r} = e

-{kR)z-{ gllzcoszﬂ + sinztgl)slnza}
-e wd

The gyration radius R is given by:

/Tvth

R = ]

It ejuals the ratio of the r.m.s. orbital velocity and the
anqular gyration frequency.

We note that for weak magnetic fields and arbitrary g, or
for k || B,
the autocorrelation becones

{i.e. E=0) and arbitrary magnetic field strength

1 2
- 5 kv, T)
Do(k,T) - e ? th

lhen K is exactly perpendicular to the magnetic field the
autocorrelation for the plasma-density becomes periodic with
period T = 2n/0. The depth of modulation increases with R and
decreases with the scale of the density fluctyation /A= 21/k,
see Figure 2.

4§35, (%px) ¥ F

increasing

~
-

( Beo )

e
T

I
!
I
|
T

increasing
N

- -+
Fig. 2. Autocorrelation of densitv fluetnatimn whan b | &

1
—
(=]

(3.11)
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For intermediate angles between k and Eo the autocorrelation

of the density fluctuation can be regarded a productt of two

factors, see 3.l1.

-(kR)ztgl)2 c0525
A} e
- xR 2s5n? (§1) -s1ns
B} e

which are sketched in Fig. 3.

i
increasing P
1
g~ 90° Factor A
=
# =0 in::r!asino b Factor B

']

L]

T T

Fig. 3. The two factors which determine the autocorrelation

of the independent particle density fluctuations.
The spectral function ¢(k,w) becomes
¢p¢E,m) - 2ne{sp(i,mﬁ

where - 172 1a |2-1m1
Gy Kw) = ! e thP ar
¢

{3.13)

(3.14)

4.0. THE RESPONSE TO AN IMPRESSZD CHIPGE.

We shall now introduce particle correlations in the various rlasma
components (electrons, various types of ions) by considerirng the
particles smeared out into a continuum and by assessing the responsi
of this continuum to each discrcte particle separatelr.

The plasma response to an electric field El?.t) can be obtained
by solving the Vlasov eguation to first order in &n(r, v, t)

and E(E, t). The perturbation solution for any of the species is
given by:

n . At
én(T, v, t) = - _gl [ E(r;;t')—:gdt' (.1
v’

Here E(r, t) is a small electric field which we shall later assurme
set up by the fluctuating charges. The integration is carried out
along the unperturbed particle orbits which were studied in
Section 3.,

We make the following substitutions:

t' = t-1
E‘;I't|) = _1\_’ {_E‘E' t_ﬂe-ik-r e+ik-!‘(T)v (4.2)
k
3. A (v
—_.—U = T (1) 0_'
v av

Integrating over all possible V we obtain the induced density
fluctuatlion:

afo‘""eii-r(r)G

-

- nq‘ - - a
nlik, 6 = - -2 [ arB (X, t-1) I atatn

v
(4.3)
We now take the Fourler transform with respect to time, and
relate the electrical field to the total electric charge
fluctuation O(K,w):
2 ik
E(k,w) = —=50(K,u) (4.4)
[ §

0



We only include the longitudinal elcctrostatic field. 1t is
possible to show that the transverse field is unimportant in
this context.

Substitution of 4.4 into 4.3 gives

o

. in,g . —iw Lt af ==
ali,m = - 22 o) I dyee”ivt I d(Wa(s) —les?V
Som-k av
o {4.5)
For each of the species we now introduce
2
nOoqo 2
-
como o
2 = + o+
w - - 3 af, +ia _.v
and:  x =+ 4 -3 I gr e iwT l A(¥)3_(1)-—De 9 (4.6)
¢ k ¢ v
©

Hence, we obtain for the fluctuation induced in species c:

1
g

We are now in a position to compute the density fluctuations
in the plasma.

5. CALCULATION OF FLUCTUATIONS.

Let us now assume that we have a plasma of electrons and one type
of %Engly charged ions,

For the electrons we put: For the ions we put:

l”2’ -l 2 . 2

[¢] Ye Ya wy
9; * e 9y * te
B> m o ” M
; *-0 -+ -

a " B a; T 3y

foo™ fp f9¢ * Fy

o " Xg Xg ™ Xy
nu - n n0 - N

Consider first the fluctuation associated with a particular elsctron.

- 1 - R
n_(k,uw) = = h;xofk,ul'Q(k.u) (4.7}

- 11 -
A. Intrinsic fluctuation n_(k,.), see Section 3.
.

- ¥ -
B. Induced electron fluctuation nilk,u) = 4 ;Eoe[k,_l
(electron dressing on electron)

¥ -
C. Induzed ion fluctuation Ni(k,w) = - —%Qe(k'“’

(ion-dressing on electron)

Tne total charge fluctuation associated with this single electren
is

-+ Xe )(i
Qe[k,w) = -e(np + —;Qe} + e (- ——e-qe) (5.1)

from which:

-e+n_(K,wu)

2, K,w) = (5.2)
e 1 + Xg * Xy
Since we are interested in the total electron-density
fluctuation induced by electrons, not the charge fluctuation,
we have:
Fou) = n_ (R L,
ng tk,u) np( b+ T ,;l_ .
- =y_n_ (k,w n_(K,w) (1+x,)
=n (kw + =SB = 2 2 {5.3)
P T4xatyy T+xg+xy

The mean power spectrum asscciated with the thermal excitation by
electrons is, therefore, found by averaging over the electrmn
velccity distribution. If the velocity distribution is Maxwelliap
(3.10), then the independent electron spectrum is given by 3,13
and the result is

2

PINTE: 2 +
Ing (K,w) |2 Ing Grud | % 12wy 1° 0 Row 1o, |
e

7 z
1+ xg + x4 12+ xg + x|
(5.4)

whersa Oelﬁ,wl is the independent sincle electron mean power
spectrum discussed in Section 3.

Next consider the more important fluctuation arising from the
thermal motion of an ion:



A. Intrinsic fluctuation pri,w), see Section 3.

- ) ~
B. Induced electron fluctuation ni(k.u) = 4+ —%Qifk.c)

{electron dressing orn ion)
. b, TP
€. Indured ion fluctuation Ni(k,m) = - E—Qilk,w)

Solving for the charge fluctuation Qili.w) we cbtain:

- eND(E,w)
Q. (k,w) = c——— {5.9)
i 1 + Xg + X4

and the fluctuation induced in the electron density is given Dy:

” ¥ N (i,w) .
n (R0 = PR = 0y (Kw (5.6)
e i

The total electron density fluctuation in the plasma therefore
can be expressed in terms of the independent particle s»ectra
for electrons and ions and the response functions of the zlasma

as follows:

s 2 . 2 . 2
In@,w 1?2 = Ing(Koa]® 4 Ingk,a ] angev
Ly 12 (Raud + 1y 1% e (R0
= n,.V (5.7
TOINAL 9
Xe * %3

Which is the form of the spectrum which has been w.dely used
in the analysis of the incoherent scatter data.

Note that fluctuations in ion density, charge density, electric

field, currents etc. can all be obtained by an analogous procelure.

Note also that an extension to a multi-lonplasma is relatively
trivial and that different temperatures for electrons and ions
are allowed.

Collisions have not been considered but can, in some cases, be
taken intoc account by regarding the particle motion, Section 4,
as a stochastic rather than a deterministic process.

- 13 -

€.0. DISCUSSION OF RESULT.

Tne spectrum function 5.7 contains the 3
PR

of independent particle Fluctuations as follows:

Introéuce for electrons {see 3.11):

_1v2 1;|2
6gR,eT) = o (K,T) = e 20eh’
T
2 e
Vth‘-m—
a_ = k_:-gu (gu computed with @ = ﬂe = -
D2 - EOTe
e 2
ng'e

Anéd for the ions:

D = "V:h'REZ

ootk.t) = o.(k,T}e
v =k

th M

M = ionic mass

A= k_ 9, (qu computed with ¢ = Qi = 4 —
52 » S07%

i ng-e

With these definitions we obtain, see also 3.13 and 13.14:
xe(Kow) = (5120 + winfe, K, - to-RefGy(kuw)
e
* 1 2 = >
X, (Kw) = (2201 4 u-Im{? ®,0l - tu-refG, (K,w)})
i x Dy i 3 { i }
and:

oe(i,w) = z-ReiGe(i,uﬂ

¢ k) = 2-Reisi(i.un}

eBo

——

Yo and Y, together with

All ©f these *functions are related to the autossrreictic



..14_
Here, frcm 13.14:
P T _%"thlslz
Re{Ge(k.ML = I e cosws d-
¢}
e 1 2 .,-2
a [ T2Venial”
Im{Ge(k.w[l = - } e sinwt dr

0
with a similar definition for the ions.

When there is no magnetic field or when k || ﬁo one obtains:

1,2

uRelG(;;uﬂ = 7-?2 e z
" +
1+m1ml§(k.mﬁ = L 3

where we have put

Ve

7= . O

KVeh  Ven

The only difference in tne electronic and the ionic functions
comes from the difference in thermal velocities.

%

1+ wiIm (B)

Fig. 4. Plasma dispersion functions.

For values of w such that u « kvt X;and X, are of the same

h
order of magnitude.

However, ¢e/¢1 ~.Re(Ge)/RefCi) ~ vth/vth ~ ¥m/M

- 15 -

1t Zollows that as long as kDe and uui <71 the éomirant axciration
of density waves at low frequencics rust stem from the jon
excitation, see the numarator of {5.7). In tne denominztor

Xe *® GF%712 whenever w ~« kvth. It focllows that the lcw frejuency
part of © the spectrum simolifies to:
- R 1.('..,;:)]
[n R, |2 s 2ngV T £,

e e 2
,1 + Ez(l = 1w (w,k)) |

For T, = T; the factor multiplying ReE;i (m,i! starts at % at w = 9,
As '!‘e/Ti increases above unity the deoression near w = 0 increases
and a near line spectrum develops, see Figure §,

When kDe and kD1 became much larger than unity, then the electrenic
part of the spectrum will dominate and we obtain a Gaussian snectrum
with a width corresponding to the thernal motion of electrons,

see Fig. 6.

h resonance occurs near the electron plasma freguency U Tnis zan
e estaklished by looking for a zero in the denominator of (5.7)
near the plasma freguency. Since iy has vanished near w, we have:

1 2: S
1+ (-}':D—e) 11 + '..Im(ce) J.t..RaGe}s £ 0

In Order for a resonance to tevelop it is necessary that we, > k"th .
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th Fig. 6. Equilibrium spectra for various values of (kD) = /Z/a.
Ps w is close to w, the expansion of the plasma dispersion
Fig. 5. variation in the ionic spectrum with T_/T,. functions for large arguments can be used and we obtain
2 4
kv, . ) (kv )
1+ (-ﬁl)-)z{ O %- 0 (6.1
e w W
¥here we have neglected the imaginary part. The solution is
the familiar expression:
Wl = Wil 31tk0 ) ) (6.1




The spectral peak asscciated with tins Oscillation is apoarent air
Figure 6. The peak can be strongly ennanced by the Dresence Lf
vhotoelectrons or other suprathermal charged particles. Tne aztual
enhancement level involves the short-range Coulomb coil:sions as
well as the angular distribution of the suprathermal electrocas and
the derivation must be omitted here.

Let us now briefly turn to the effect of the magnetic field, As far
as the ions are concerned the gyro frequency Qi satisfies the
relation:

kv >>

th i

This means that the correlation function
- kR 25 2 cos?p
e

becomes modulated with a pericdicity Ti = 2n/ni.

In practice, however, these modulations are blurred out beczuse

of the diffusion of the ions away from their deterministic arbits,
Very close to persendicularity with the magnetic field (i.e. b = 90%
the spectrum may become very narrow if the radius of gyratien of the
electrons is so small that the electrons are prevented from
Participating in the fluctuations of the ions.

With a magnetic field the resonance asscciated with the plasna
frejuency becomes modified. Yhen w_ >> ﬂz « When kR < 1 and waen
8 is not too close to 90° one obtains:

2 2 2 2 2
W' m up(l + 3(kDe) )+ Qe s5in“g (6.13)
An additional resonance, which can also be observeq)arises
because of the presence of the magnetic field:
2 2 2 2 2 2
w, = m/M+ cos“s Qe-wp/(mp + ﬂe) {E£.14)

which can be derived from coid plasma theory. When m; > Q:

and g - gp° one obtains:

2
w, = Qeni

-1y -

which is sometimes referred to as the lower nrbrid freguerncy,
The strength of these lines depend oOn the relatjve macnituaes
of plasma frequency and gyrofreqguenc:, o the vresence of
Suorathermal electrons (or ions) etc.

The total power residing in the electrcn tlasma cscillatisn at
thermal equilibrium is determined by integrating the spectrun
thzough the electron lines with the result that

I (kDe)2

$ dw = ]
1+(kD )

electron line e

whereas the power in the ion line becomes :

{¢ duw = 1 =
ion (1+kae)2)(l+§$+(kDelz)

1

Herce, whenever kDe is small the ion contribotion dominates.

COXCLUSION.

An attempt has been made in thisg presentation to give a simcle
derivation from first principles of the fluctuation phenomana
which form the basis of incoherent scatter observations. o
atternpt has been made to discuss all the methods and all the
theoret.cal results which have been oresented in the literature.
Ratner, emphasis has becn placed on the oresentation of a seif-
contained model which is good enough to derive most of the
corrmonly used results without requiring any orior knowledge of

plasma nhysics.
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(*)
Scazeering of E. ", vaves from Dielectric Censity Tluctuations

Ronald F. Woocman, Arecibo Dbservatory, Aracido, P. R,

Racars are used for remote probing of the upper atmosphers. Monstatic
and bi-static configurations have baen used. Tha echoss are obtained from
the scattering of the illuninating wave by fluctustions in the disleceric
properties of the wedium under study.

The fluctustions in the locel dielectric constant of a medium are direct
consequance of fluctustions in the density of the sedius or more properly
on tha density of that corponent or componants in the sadium responsable
for its dichétric behaviour, e.g. electron density in & lonized gas,
“gir" density and water vapor in the lower atmosphere, atc,

In the case the cedius 13 in the thermodynamic squilibrium, the
filuctustions are reduced to a minioum (thermal lavel). 1In such a case,
and for a ionizad plasma, we refer to the technique as Incoherent Scatter.
These fluctuations are never at the zaro leval due to the discret nature
of matter {Sumnations of delta functions will always produce fluctuations).

Density Fluctuacions are statistically characterizad by the densicy

space~cime correlation function p{r,t, 5) define as
p{r,T; x)2 < alx,t) na{x + 1, £+ 9 24 (1)

vhage n{:.t) 1s the microscopic random density of the mediun a:
position x in space sand time t. 1In (spatially) homogeneous medium P 1is

indapendent of x and p(_x_-.'r)E D(I.T: !) .

(*) Lectura presented at the M.P.I. EISCAT School, Jan. 1975, Oberstdort,
W.G.



-la -
Hagfors has treated the problex of how to find o(r, 1) for
& ionized nedium in thernodynatic equilibrium (or quasi-thermodvyramic

for the case T, ¢ Ted. Farley has described the different techniques

for obtaining stircates of p(s. T; x} from the scatter echoes.

-2 -

¥e shall develop here the functioral relationship that exists
between the statistical characterization of the signal received inp
2 radar experiment and the fluctuations in the mediun characterized
by p({. 1; g) » The fluctuations need not to be ar the thermal
level, so we are pot limited to the incoherent scacter problem.

“e should point out that the usefulness of large radars for the study
of the upper atoosphere is not limired to incoherent scatter, Proof
of which is found 1a the large nunber of papers produced by the
Jicamarca Otservatory by studying backscatter schoes from E-region,
F-region irregularities and from curbulent fluctuations in the
weutral atnosphers, 1In fact, some snaller radars are built (STARE,
S50USSY and che TS radars) which depend on the enhanced reflectivity
produced eicher by instabilities or turbulence. This could be the
case in EISCAT whan observing suroral phenomena or the effects of
artificial heating. It will alsoc be the case vhen studying neutral
eynamics wsing backscatter signals frem turbulent fluctuations.

Said functional relationship can be found in the literature but
it is usually derived under very simplified condirions with assumptions
wvhich are not necessarily valid. The derivation is ususlly heuriscic
and in many cases difficult to azsess the range of validity of
the derivad .upnuionn. Such approach is, of course, usaful for
¢idactic purposes and when the purpose of the paper 1s on other aspects
of the problex. Darived expressions in the literature are usually
derived for a specific techrique (out of the many described here by

Farley) snd for specific conditions {e.g. honogeneous media, continuous
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. The pediun under study dis 11lux 3 S-S T .
j1lusination, slow varying echoes, narrow pulses etc.). ke shall = ¥ uzinated by & e.n. vave of frequency

cerive here the functional relstionship between the statistical u,, dodulated by an arbitrary complex sigral p(t), scattered e.n,

~toperties of the echoes and the statistical properties of the vaves are received at a different location (or at sane as a particular
Pre

sediun under very general conditions case), coherently detected, properly filtered and decoded (if necessary).

we shall consider an experirental configuration as depicted in we are interasted in evalusting the cocplex autocorrelation of the

figure 1. sizmal recelved, O(t), i.e, @

Clt,e)2 < 0(r) O (t + 1)> (2)

i tercs of the space and time density correlation of the medium.

The signal 0(t) is a random process, usually nor-stationary, 1s fully
craracterized by its time avtocorrelation function C(t, t). The cependance
on t can nor=ally be associated with a given range, h, corresponding to
the delay.

%e assune: (1) that there is only prinmary scattering (first Born
spproxization valid), i.e. the medium is transparent, the {lluminating
field at a point x within the oedium is due to the prizary illuminacing
field and the scattersd filelds at X are negligible; (2) the systam i3
linear, i.e. 1if Ol(t) is raceived for o‘(:) and 02(:) for Dz(:) . Then
aol{t) + B Oz(t) is recaived for a exitationm upl(t) +5 pztt). The
linearity of ths propagstion in the pedium sre guaranty by the linesrity

of Maxwell sgquations.

The linearity of the systex allous us to evaluate the output

Figura F

signal ss the linear superposition of the contributions of each
differential volupe, de vith density nfx,t). This differentisl contribution

can be svaluatec in tarms of the linear operaiors cepicted in figure 2.
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Eere we hive nodelled the proragaticn of the transzicter to the
scattering point by a delay cperator wich delay Tl(x) and an

azplitude factor Kl(x) which represent the affect of antenna gain

F-,;?u re 2 4nd other sraten paraneters. The scattered signal is preportional
to the local instantaneocus (random) density “(f’ t) of the medium
tizes the voluma 335 » The dielectric properties of the medium

ite receiver, antenna, and other Prozagation properties are contained

ir & ceastant gain (in tize) Kz(x). There is a delay block with

(]
F] J-] cdelay Tz(x), a detector and a filrer before we finally get our outpur
.ty - ) ‘oz the diiferential contribution from nix, t}. The filter is
characterized by tha cocplex input response h(t) and includes any

cecoding schexe. Decoding is a convolution cperation and can be

consicered as part of the filter,

The evaluation of the delay functions Tl(x). Tz(x) and the
consiant terms K, (x) K,(x) does not concern us here and are assumed
ic be known. The output of the Systen can then be written as

o o, xia’x = d’ I"" KGx) p(e* = Tx) &I n6s, o0 = 1 00)) ge - o)

-—— T,

vhere we have alrnady operated on the "signal” with the delay operl:ors

T
e - 'l‘ (x)) and §(t - 'I (:r)) + Hare we have used T(x) » '1'1(5) + Tz(f)
for the total delay and R(f) - xl(g) . K;(f) + The toral signal outpur
PETINTog } is then
 Tenr Tor — ——— 0(c) = f d3§ o(t,x) (4)
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and the autocorrelatfon, C(7,t)S < O(t) 0*(t + 7)> , can then be

wTitten as

Clr, t) = I ‘35 d’i'd:!d:"x(f) K(x') plt' - T(x)) p*(t" - T(xJa~1¥0(T(x) - r(g'))

Bt - t') Kt + 1 - ") plx' - x, t'=t' = (Tp(x) - T,(x")); 0

[63]

It is convenient to write this axpression in terms of variables
re=x'-x

<! w " gt

CiT,t) = l &x d3r de' d1' R(x) K*(x + 1) plt’~ T(x)) p*(t'+ T' = T(x + 1))

re 190 lTE) = Ty p (et UL, 17 =(Ty (x)=To(x+1));x)

(6)

his expression is simplified considerably if we take advantage of the
fact that in most cases the charscteristic length of tha density

correlation funcrion, v » (¢qual to the Debye length in the 1.S. case!

[
is much scaller than the characteristic length of “(5) and the
characteristic langth,ctp , corresponding to the width of the pulse

p {t). This allovs us to replace Kix + r} by K{x) and p(t - T (1+E))

by p{t = T{x)}in the integrand with no sppreciable effect on the

integral.

klso, the difference in propagation tite Tz(i) -Tz(x +r)

is of the order of rclc for points within a correlated volumne,
This is puch smaller than the characteristic time of the decay of
the correlaticn function unless one is dealing with relativistic
plasna, Therefore we can ignore this term in the tice argument
of the correlstion function. In addition, the oscillatory nature of
the evponentisl, with a vavelength comparable to the wavelength of the
rrebing wave,cakes the integrant ursensitive to any pcssible long
s:ale structure of the correlation function across the surfaces of constant
T.

Fertherzcre, the alnost linesr behaviour of T(x + 1) on r for
isi <1, allovs us to linearly expand T(x + r) in the exponent
arourd x and write:

WoT{x + 1) = wp T(x) +w, V1 T(x) * 1

(7}
= Vo TG+ k() Cx

vhere E(x) - kl(x) - kz(:), and 51(5) and !2(!) are the local
vave nunber of the incident snd scattered wave, respectively. With

this approsirstions we can writa:

C(1,¢) = }dlx de'dr’ Kz(z) plt' - T(x)) P+ - T(x)) -

(8)
h(t = t") W™ (t + T =¢' -t') B (5(5).T': x)
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vhere =(f, T; x) is the sratial Fourier transform of ;(f' T; %)

cefined by

& (€,1;x) = Id:’: e (r.iix) (9

Wotice that as far as I space is conc.rnld.f can be considersd as a
Consiant paraneter. Also notice that the output of the experinent

cepends only on the Fourier component evaluated st a particular set of
wave nutbars k(x> which for most cases 5 a constant. It is equal

to gkl in the backscatter case. Equation (B) is the aeneral expression

ve are after, it involves only two basic #ssurptions and one approximation
regarding the length scale of D(E)‘ It can be used as the starcing

Foint for simpler expressions applicable to the particular cases.

Next we consider a few pariicular cases as illustrative exanples.

Case 1. Continuous exitation

In the case of 4 cw bi-static experinment, e.g. the French incoherent
scatter radar, we have that: Pt) = a where a is & constant,

In such a case the output of the axpsrinent is time stationary

and the correlation function, C(7): C(1,t), is given by
2] 43, o2 A ' '
C(T) = a Id x K ‘5’[“ ..-(3:.(5). 1 x) bplt= 1% (10)

vhere the second integral is the usual convolution of thae correlation
function ni':he imput signal to & filter by the sutocorrelationm
)
»Fult)
functioq‘of the fiiter characteriscic, The statial integral represents

2 velghted everage of the cerzribitions of each differential volume,

waighted by rhe Year retierns ¢f the anteana (and the 1/R2 dependance),

- 10 -
ror honcgenous melia and corstant k(x) = k , the spatial integra

independert of p and cefines a volume, V, and we have

ctr) = o%k? y J bk, by (= et
Above equations, if expressed in the frequency do:ain,:akc a even
sicpler form where the convelution integral is transform to &

produce of frequency functions.

Case 2. Filter tize scale scalier than characteristic time of p

In this czse :the integrant is different from zero for srall

values of the arg=ent of h{(*), i.e. when

t xrt

-
-

T4 -t

Thus, 3(5(5),f:x) car be taken out of the 1! integral evalu
at ' & T | e car then write (8) as
I 3 2 ” - -
Clr,e) = Jdx K x) Plk(x},1;x) PE=T(x)) p*(z + 1- T(x))
vhars ; is defined as
2o -Jac'p(:')h(m')

1 is

a1

ated

Q2

(13)
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that is the pulse shape passed through the filter or decoder. In
optioum desigrns h(t) is identical to p{t), and ;(t) is then the
autocorrelatior of the pulse shape. 1o zultiple pulse expericemts
the filter is identical to a pulse element of the sequence, and B(t)
1s a sequence ¢f autocorrelated pulses.
Surface of constanct delay,T = T(x), can be used as one of the

viriables of integration (e.g. range in & backscatter case with

plene vave fronts) and a suitable set of two transverse coordinates,
$, for the remaining two. We can then write:

% = as cer (14)

where ¢ is the local phase velocity of light taken to be a constant

for sinmplicity, d%g is a surface differential. Equation (2) takes

then the form

Ci{T,t) = ¢ J' .‘.2_._

S s

a1 K38, 1) £((x),7i8,T) Fle=D) p*(2-T+D) -

(15)

Case 3. Backscattering from a (Quasi-) Hoxogeneous and Isotropic medium
This cass illustrates the sffect of decoding and filtering on the
dependence of the sutocorrelstion functionm. The assutiptions involved
allev us to replace 3(5(:_:) o7 x) by 5(5.1') and to take it out of
the spatisl integral. For quasi-homogeneous cases we can take

E(k.T;i) with the value it has at the center of the volunne, which

-12a-
corrasponds te the particular delay t of the measyremont. Therefore
we will write %(k.t') to entand tha gessrality.

He can slwo parform the spatial integral in tarsa of the variables
s and T. Oaly x(x) 1a & fuoction of 3 and ve cas parforn the integral
with respect to this varisble, If l: 18 » factor which groups all the
dimensioval factors In K2 (s) then the spatlal intigcal glves us
xIACT), whete A(T) 1s & equivalent eras defined by the § dependence
of the besm patteru., On most casas of fsterest ACT) i a slow varing
funceion of T, slower than the pulse length and csn bs taken out of
the integral evaluated at the asmpling delsy t. Considering sbove

wa write equation (8) as

c(r,t) = cxzn(r.)l drtdctdr 3(1&.1') p (e'=T) P.(t"h" ~T) hit=t'In(ter-t'-t")
e~

- cxa(t) IGT'Pt(k-f') [ﬂc' Bit-t*) WMe-t'+ m-)l dt pe'=T) e+ 1 -T)

{16)
ort

F | A ' ' '

c(t,t) = CKX A(t)[ ar' olk,x') ¢ (t") (r=-t*)
R A an

vhare ‘.” &) is the sutocorrelation function of khe pulse shepe and

d“tr) the mtoeou-ium function of the filter and decoding system.

I1iustrative Zxamples

In ordsr to gain & better undertanding of thm aignificance of the
formulas depived for case 2 and 3 we have construgtad figure 3 and &
respactively, corresponding to two ofcen used pulse schemas, Case |

does not nepd of & illustration since 1a this cass the spectrum of the
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signal received is Just the product of the spectrum of the medium with
the systems filter characteristicas,

Figure 3 depicts the different shapes of the functions involved

for a double-pulse experiment, in a backscatter rodein which two narrow 7%

pulses are sent, 1- appart. In this case the axparicent provides infcr- A y pir)

cation on the correlation function, 3(2,1). at only one delay, T gt ﬁ": —l

corresponding to the pulse ssparation. In practice the correlation Ta 1 mn

function is evalusted only at this delay. To obtain the value of the "I\\\\

correlation function at other delays, asnothar pair of pulses 15 sent ’L - T pim

with the proper spacing. __4,/,/’/'1\\\‘\\\\\ ¢"(rl
Notice that C(T, t) 1s different from zero only in the vecinity ) | % T

of 'l". the usefull part, and in the vecinity of T= ¢ corresponding to /}\ﬁ ¢M ()

4 pover measurement. Such POVEr wezsurement is not useful] liqcn it Tn T

Contains not only the contribution from the desired height but r\\\\ - qu).P(r'.¢hdgqﬂ

also the "self-clutter" contribution from t - Tgs as illustrated in = ¥

the tuo-dizencional plot of p(t -T) ple - T 4+ ). J\l& . Cefer finidy, (v
Multiple pulse schemes can be illustrated in a sizilar fashion,

the main difference being that several delays can be stimated in a

single sequence and that the self-clurter is larger and coming /:-Zé?t‘ re ‘4

fron several different altitudes,

Figure &, illuatutu the case in vhich a long pulse (as compared
to the medium correlation times} is sent. The receiver impulss
Tesponse is narrov and considered square for the sake of simplicity.
Two effects are clear from the picture, the cedium correlation function

is wultiplied by a triangular function, dpp(T), and the result convolved
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vith & nerrower function, ‘hh('.). given by the self convolution of

the filter input response. DIGTTAL TECHNIQUES USED IN RADAR SCATTERING STUDILS OF TBE
JONOSPNERE AND ATNOSPHERE

D.T. Farlay
School of Electrical Engineering. Cornall tniversity
Ithaca, New York 14053 (USA)

Javuary 31, 1978

In radar scattering measurements from the lonocsphere cor
neutzral atmosphere, one seeks to measure the statistical properties
of cne random variable, ths received scactered signal, in the pre-
sence of apother, the noise, which is often stIonger. Depending
upon the desired parametsrs, altitude region, necessary resolution in
space and time, etc., & Beasuremsnt may be limited by peak trans-
mitter power, average power, sampling rate, or computer processing
speed., Wumerous digital technigques have been developed to deal
with thess limitations and to cope with various systematic distorticns
of the data. For example, long pulses can be ‘compressed’ by phase
coding (#.9.. Barker codes, or cowplementary code pairs for slowly
varying media) to increase the effective psak power, f[requency stepping
can incrsase the average power and sampling rate without causing
range amtiguity, and various coarse guantisation schemes can speed up
the data processing. But pulse compression is limited by the
correlation time of the medium, frequency stepping by the puise length
and receiver recovery tise {and perhaps computing speed and available
hardware}, and coarse guantization by the decrease in effective S/N

and psrhaps dynamic range. In some sjituations it may actually pay



-2 -

sampling at greater than the Nygquist rate is generally advisable. In
to widen the receiver bandwidth well beyond that of the signal, if the

practive, ACF's are almost never processed coampletely optimally, from
sampling rate and associated processing speed can be increased

& statistical point of view. Nhen the scattersd signal from & slowly
accordingly.

varying medius, such as the stratosphere, 1s weak, a misture of
The techniques for processing wideband signals (such as incoherent

coherent (adding voltages) and incoharent intagration can sometimes
scatter from the lonosphers) and narrowband signals (such as scatter

®are computing requiramsnts for spectral calculstions by as much as
from the stratosphere) are different. {Scatter from auroral plasma

an order of magnitude or more. For spectral asasuremsnts from the
waves say fall in either category.} In the first cass good range

t re and stratosphere it may be advisable not to use a
Tesolution in an axtended medium is requized (at least for a mono- roposphe. ph not

tapsred windowing function on the data if the scattered signal is mixed
static radar), and the only practical alternative is to measure the

with a very strong 'ground clutter' return at zerc Doppler shift. In
auto-correlation function (ACF) of the signal; in the parrowband

correcting ACr's for filter distortions it is convenlant to work in
case one normally measures ths power spectrum directly via an on-

the frequency domain, in which cass the maxisun entropy method
line FrT of the signal sanples. The latter case is straightfcrward,

(MEM} should be used in the transformation. However, it is even
but for the former a variety of pulse schames are possibla. Whan

better not to correct the data, but rather to suitably distort the
Tange resolution is important one can transmit groups of several {the

theoratical values before Attempting to fit them to the data. The
more the better) closely but unequally spaced pulses, each of which

latter procedure is more expensive however, because many corrections
nay be phase-coded (compressed). A set of n pulses can yield s pe ! )

nln-1/2 differant lags on the ACF. Bust be made in the course of the search for the best fie,
The on-line digital data processing problem is not trivial
since (even with the recent advent of uitra high spesd array
Processors) computing speed is the ultimate limiting factor in some
®asurssents. Special Purpose hardwars may help, and it may pay to
Process the data in a less than statistically optimum vay if the
loss of information per sample ix mors than compensated for by
the increased number of samples processed. One-bit processing is an

exXtreme example. With coarse guantization, even when less axtreme,
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RADAR PROBING OF THE ATMOSPHERE

. 7
K1
x Wyl cet/a
i *
PULSED W (BISTATIC)
R
|
‘7"77'7'7':1;7'7777 o av i o o e a e A s A AU L

CONCENTRATE ON PULSED CASE
ASSUME TARGET IS "SOFT" (FILLS BEAM), IN WHICH CASE

Srdud A ?"'_ Phn o 7: A'“O_(Q)AT'/R‘

Nese KT B
$ ] [, TR

B ~~ 42'-' {“ll‘"”n"‘)

Tre

~ A;:-d . (IouJ puht)

SCATTERED SIGNAL 15 GAUSSIAN RANDOM VARIABLE (AS 1S NOISE)

HOW BEST EXTRACT SIGNAL FROM NOISE ARD DETERMINE STATISTICAL
PROPERTIES OF SIGNAL, ESPECIALLY THE AUTO-CORRELATION
FUNCTION (ACF) OR POWER SPECTRUM?

TECENIQUES DIFFER, DEPENDING PARTICULARLY ON WEETHER MEDIUM 1S
VARYING SLOWLY OR RAPIDLY ("UNDERSPREAD" OR “OVERSPREAD";
NARROWBAND OR WIDEBAND SIGNAL; CORRELATION TIME LONG OR SHORT
COMPARED TO INTERPULSE PERIOD

GOAL SHOULD BE TO PROCESS DATA IN REAL TIME (i.e., OUTPUT SHOULD
BE Ne(h.t). Te(h.t). Ti(h.t) etc.)
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TOPICS TO CONSIDER

1. PLLSE COXPRESSION

BARKER CODES? LONGER NON-REPETITIVE CODES?

CYCLIC CODES (FOR BISTATIC)? COMPLEMENTARY CODE PAIRS?

POSSIBLE PROBLEMS: GROUND CLUTTER, RANGE SIDELOCBES,
MEDIUM DECORRELATION

2, TYREQUENCY STEPPING
PERMITS HIGH PRF AND CAN REDUCE INTEGRATION TIME

3. COHERENT INTEGRATION (SUM VOLTAGES, NOT POWERS)
VERY DUSEFUL FOR NARROWBAND SIGNALS

SIMPLIFIES (SPEEDS) COMPUTER PROCESSING
CAN BE INTERCHANGED WITH PULSE DECODING

4. COARSE QUANTIZATION
PERMITS VERY RIGH SAMPLING AND PROCESSING RATES
USUALLY REQUIRES SPECIAL PURPOSE HARDWARE
DISADYANTAGE: CAUSES SOME INCREASE IN STATISTICAL INCERTAINTY,
BUT THIS CAN BE PARTLY OVERCOME BY OVERSAMPLING

5. ACF_AND FFT _TECHNIQUES

USE OF DOUBLE AND MULTIPLE PULSES
USE WEZM IR ACF PROCESSING?
USE TAPERED "WINDOW" IN FFT PROCESSING?

8. X TREMEN TS ING _INCO 2 R

MAIN PROBLEM 1S TO COMPENSATE FOR NUMEROUS POTENTIAL SYSTEMATIC
ERRORS
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NIDE BANDWIDTH SIGNALS ("OVIRSPREAD"!

>~
~
<

-

=

RANGE ALIASING: SIGNALS FROM h AND h + L MIXED
L= c(IPP)/2

WIDEBAND means
IPP > MEDIUM DECORRELATION TIME

PRF/2 < MAXIMUM DOPPLER SEIPT

Q,mi

<L

EXAMPLES: RADAR ECHOES FROM MARS
INCOHERENT SCATTER FROM IONOSPHERE

—y

INCOHERENT SCATTER
B LU LML, Y e Y 3

SCATTER FROM THERMAL FLUCTUATIONS IN PLASMA DENSITY
QUANTITATIVE THEORY WELL UNDERSTOOD
POWER SPECTRUM OF FORM

MATCH DATA TO THEORY (LEAST SQUARE FIT) TO DEDUCE PLASMA
PARAMETERS (X, Ter Tyo Vgriges ete)

MORE PRACTICAL TO MEASURE ACF THAN SPLCTRUM (EXCEPT IN BISTATIC
CASE)
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TECHNIQUES FOR_ACF MEASUREMENT

LONG SINGLE PULSE

CUTTER (uncorrelated echo)

OORRELATED SIGNAL

RANE R
& .
2l N ~dR (EFENS v 2
\ i
N N
« pST~3,
Transitted
pulse
= me
—— a? ~ //I'-Z —

Sarples

MANY SUCH PAIRS GIVE

{ V(R ) VR, tﬂ"')) — PR T)

MEASURED ACF WEIGHTED BY TRIANGULAR FUNCTION W =1 -2 /87
soxezp 20 £ 4%/

&R (AND PERHAPS R) DEPENDS ON 2°'

USE AT HIGE ALTITUDES WHERE TIME CONSTANTS ARE SHORT AND GOCD
RANGE RESOLUTION IS NOT NEEDED

SIMILAR TO BISTATIC (CW) WEASUREMENT SINCE

B(transnitted pulse) < B(medium) = 'QrDoppler

RCUGHLY EQUIVALENT TO ANALYSIS WITH COMB FILTER BANK
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ACF {continued)
DOUBLE OR MULTIPLE PULSE
Range o
1 . L CLUTTER
R’ '-".:‘3‘,' )
CORRELATED
SIGNAL
n 4 I :
R, 4 i %5
. ', Y
t » oL (]
2 }'n “‘ 0."
Q° G -
> rom
AT ! ‘"B
~aTh- 4 pSU~E,

b— 7 — b—'—

SAMPLE PRODUCTS —p (V Mg.'f)\/*m,,f" ) ‘—"/D(RJ;T‘)

TRANSMIT (CYCLICLY) DIFFERENT SPACINGS AND SAMPLE AT ALL RANGES TO
DETERNINE COMPLETE (R, 7))
OR USE MULTIPLE 7,7, AS VE SHALL SEE

GOOD RANGE AND LAG RESOLUTION POSSIBLE
CLUTTER (ECHOES FROM UNWANTED RANGES) ADDS TO NOISE

CAN HAVE 2" & anjor AT ¢ &7 (UNMATCHED FILTER)
BUT NOT RECOMMENDED (LIKELY TO GIVE SYSTEMATIC ERRORS)

4
BEST IF T 2 AT + &7 ; IF NOT, CAREFUL WITH WEIGHTING AND
ALTITUDE CORRESPONDING TO SHORTEST LAG

CLUTTER ECHOES CAN BE ELIMINATED IF PULSES 1 AND 2 HAVE ORTHOGONAL
POLARIZATIONS (WITH MATCHING RECEIVER SYSTEN)

-9

ACF (continued)

HIGHLY DESIRABLE TO EXTEND

THIS IDEA TO Transmitted pulses

MULTIPLE PULSES “::"e
o Clutter (C)
-+ & Correlatea
signal
. ¢ -3 Time
c! 4 &

EXAMPLE: 4 PULSES AT t = 0, 1, 4, 6§ PRODUCES
lags = 0, 1, 2, 3, 4, 5, 6

IN GENERAL: n PULSES -+ n(n-1)/2 DIFFERENT LAGS
SOME '"MISSING" LAGS FOR n > 4
CLUTTER FOWER ~ (n-1) x SIGNAL POWER

SAME ADVICE AS IN DOUBLE PULSE CASE FOR .
v T, arvs S, 7 va aT+87

BEST TO MAKE n AS LARGE AS PDSSIBLE, CONSISTENT WITH THE VARIOUS
CONSTRAINTS OF PULSE LENGTH, ETC., IF COMPUTER CAN HANDLE THE
INCREASED PROCESSING. OR USE FREQUENCY STEPPING? (SEE LATER)

STATISTICS IMPROVE EVEN THOUGH CLUTTER INCREASES -
ESPECIALLY IF S/NC1 AND HENCE C£ N
CANNOT USE ORTHOGONAL POLARIZATION TECHNIQUE TO ELIMINATE CLUTTER

CANNOT USE MULTIPLE FREQUENCIES OR ORTHOGONAL CODES EITHER
(ELIMINATES CLUTTER, BUT ALSO SIGNAL!)

SAME IDEA USED IR "NON-REDUNDANT" ANTENNA ARRAYS FOR APERTURE
SYNTHESIS. SOME REDUNDANCY OK IN ANTENNA ARRAY CASE, BUT NOT
FOR RADAR ACF MEASUREMENT (GIVES RANGE ALIASING)
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ACF'S - ADDITIONAL COMMENTS

FESCLUTION: IN GENERAL
ALTITUTE RESCLUTION DETEPMINED BY

PULSE DURATION CR am‘l, WHICHEVER IS LARGER

LAG RESOLITION 1S APPROXDSATELY

PULSE DURATION R B, ", waomver 1s surrem

MEASTYE (ALY 3 FEV LAGS?
—_— gk A

MEASURDNG QPILY A SINGLE Lac IN THE (OPPLEY) ACP IS

SIMILAPLY, TR0 LAGS WILL GIVE THE FIRST ™0 MIENTS, ETC

CHOCSTG TECENIOLE ; OPTIMIZING

USUALLY EEST TO ASSIME S/M €< 1, SINE IN CPPOSITE LIMIT ™EPE ARE
GENERALLY ND PACBLFMS EVEN IF MEASUREMENT IS NOT 0PTINRM

SIFFICTENT TO :
FETERMINE THE FIRST WHENT OF THE POPPLER SPECTRI™, AND HENCE THE '

MEAN DRIFT (IFM’MMWWWM‘M}

IDEAL CASE

P

}
v

=11 -

PULSE COMPRESSION
—_es LT REoo TON

I PRACTICE USE BIN

2
/ matched rd
Z Y
— |7 " [
» B 2l ¢

CAN USE FREQUENCY "CHIRPING" OR PHASE CODING

ARY PHASE CODING; DECODE WITH COMPUTER OR

SPECIAL PURPOS

BARKER CODES

'Tmnsnuﬂe‘d
ar voltogr

OZ./’,@A:
4 4

+1

MAX COMPRESSION WITH

OTHER LONGER SIMILAR
e.g.,

E DIGITAL OR ANALOG DEVICES

ideal compression

mq*(,‘l 'Gp
£ H'er) Tange
—y [' sidelobes
dgc«.’fv—

AMBIGUITY FUNCTION (FOR NO DOPPLER)
VOLTAGE FROM SMALL STATIONARY TARGET
ACF OF CODE

TARGET NMUST REMAIN COHERENT FOR 587  (UNCOMPRESSED DURATION)

GROTND CLUTTER DURATION 2 UNCOMPRESSED PULSE

BARKER CODE (UNITY SIDELOBES) 1S 13:1

NON-CYCLIC CODES AVAILABLE

o = 28 ——> MAX SIDELOBE OF 2
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COMPRESSION (continued | - 13 -

FRBQUENCY STEPPING
CYCLIC CODES V¥ITH n = 2P . 1 AND CYCLIC AMBIGUITY FUNCTIONS

(a) (b)
STAT S IN (c)
USEFUL FOR BISTATIC CASE AND RADAR A TRONOMY SINCE lh.?ge %, SIGRAL “0)
fo 777

\GE SI AUSE NO PROBLEM
a) LARGE CYCLIC RANGE SIDELOBES CAUSE NO P A (1 (1))

b) SIDELOBES BETWEEN MAIN PEAKS EAVE UNITY AMPLITUTCE

(p:1 compression ratio) 1 fT 3 QUTER
]

\
MULTIPLE CODED PULSES FOR ACF? LS

USE DOUBLE OR MULTIPLE BARKER CODED PULSES? YES

1MPROVES RANGE RESOLUTION BY COMPRESSION FACTOR

USUALLY IMPROVES TIME DELAY (LAG) RESOLUTION BY SAME AMOUNT
(DOESN'T FOR THIN TARGET)

BUT MAY PUT RESTRICTIONS OH MEASURABLE LAGS SINCE MINIMUM
SPACING SHOULD BE > 2 x DURATION OF UNCOMPRESSED PULSE : J” )

1
1,

e.g., TRANSHMIT
{a) AND (b) ILLUSTRATE 2 WAYS OF MAKING RAPID POWER PROFILES.

-5 ar— SCATTERED SIGNALS AT THE DIFFERENT FREQUENCIES ARE UNCORRELATE
AND' MENCE GIVE INDEPENDENT SAMPLES. USEFUL WHEN S/¥ 2 1
»
% // m , PICKING CLOSELY SPACED FREQUENCIES IN CASE (b) CORRESPONDS TO PULSE
"/ > £ COVPRESSION (CHIRPING) IF DATA 1S PROCESSED APPROPRIATELY.
l'ﬁ LRI "-/d USEFUL IF S/N<< 1

(e¢) ILLUSTRATES THE USE OF FREQUENCY STEPPING IN AN ACF MEASUREMENT

h.—- 1" —-—* EFFECTIVE SAMPLING RATE IS INCREASED; INTEGRATION TIME IS
REDUCED. CAN BE EXTENDED IN AN OBVIOUS WAY TO MULTIPLE PULSES
72 /0 ar | (LAGS) AND/OR MULTIPLE FREQUENCIES.
FREQUENCY STEPPING MAY ALLOW MORE EFFECTIVE USE OF THE AVERAGE
COMPLEMENTARY CODE PAIRS? POYER CAPABILITIES OF THE TRANSMITTER. REQUIRES SIMULTANEOUS
o RECEPTION ON MULTIPLE RECEIVERS FOR MAXIMUM EFFECTIVENESS.
VERY USEFUL FOR SUFFICIENTLY NARROWBAND SIGNALS (DISCUSEED LATER) PARTICULARLY APPROPRIATE WHEN S/N 2 1. PULSE COMPRESSION

USUALLY BETTER IN THE OPPOSITE LIMIT.
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COARSE QUANTIZATION

PERMITS VERY FAST SAMPLING AND ACF PROCESSING WITH SIWPLE
SPECTIAL PURPOSE HARDWARE (MANY PARALLEL CHANNELS)

USEFUL FOR VERY WIDE BANDWIDTH SIGNALS

INCREASES STATISTICAL UNCERTAINTY PER SAMPLE SOMEWHAT, BUT
SAMPLING RATES ARE GREATLY INCREASED

OVERSAMPLING (> NYQUIST RATE) WILL REDUCE STATISTICAL UNCERTAINTY
ACF MAY BE SLIGHTLY DISTORTED, BUT CORRECTIONS ARE SIMPLE
POWER INFORMATION MAY BE LOST {UNLESS S/H<< 1)

OUTPERFORMS ARRAY PROCESSOR SYSTEMS (167 ns mult-add time) FOR
SOME APPLICATIONS (e.g., SINGLE PULSE HIGH ALTITUDE ACF)

USING WIDER BAﬁDlIDTH THAN NECESSARY MAY REDUCE FILTER DISTORTIOXS,
INCREASING BANDWIDTH CAUSES NO LOSS OF STATISTICAL ACCLRACY
IF SAMPLING AND PROCESSING RATES CAN BE INCREASED TO MATCH

power

signal ¢ signal
ARy LATREXIAN
7/ noise//\ /////,noise////////‘\ Ly

EXAMPLES: 1-bit x multi-bit (NO DISTORTION, RETAINS POWER INFO)

Teq

3-level x 3-level {(+1, 0, =1)
1-bit x l-bit (+1, -1)

LAST REQUIRES 1.6-2.5 TIMES MORE INTEGRATION TIME THAN
FULL MULTI-BIT x MULTI-BIT
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INCOHERENT SCATTER DATA ANALYSIS
SRR AENT SCATTER [ Al

NLASUREMENT
—
TRANSMITTED SCATTERING. ACP FILTER ACF OF SIGNA
SIGNAL DISTORTED BY (+)—>{DISTORTION }—s| pLUS NOISE
FINITE PULSE
( IONOSPHERE ) (RECEIVER)

CORRECT DATA, THEN ANALYZE?
— sy N ANALYZE

—
MEASURED ACF SIGNAL ACF F.T REMOVE FILTER EFFECT
OF S+ N | (DISTORTED) ¥ FROM SPECTRUM
{ DISTORTED) F.T.
ACF OF N ONLY FROM , ’
SEPARATE (MORE ACCURATE) REMOVE PULSE LENGTH
MEASUREMENT EFFECTS FROM ACF
COMPARE WITH THEORY CORRECTED ACF OF
LEAST SQUARES FITTING SIGNAL

DPIFFICULTIES WITH THIS PROCEDURE:

DISCRETE FOURIER TRANSFORMS (FT)
TRUNCATED ACF'S

MISSING LAGS IN ACF?

ERRORS WHICH VARY WITH LAG?

USE OF MAXIMUM ENTROPY METHOD (MEM) HELPS, BUT BETTER STILL TO
USE DIFFERENT APPROACH
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ANALYSIS (continued)

BETTER IDEA: LEAVE DATA ALONE (AND DISTORTED)
CORRECT (DISTORT) THEORY TO MATCE

REQUIRES MORE COMPUTING, BUT SINCE THEORY HAS NO ERROR, NC GAPS
NO TRUNCATION, THERE ARE NO PROBLEMS WITH TRANSFORMS

THEORETICAL FILTER F.T. PULSE LENGTH
SPECTRUYM "| DISTORTION "| pISTORTION
MEASURED ACF CORRECTED
THEORETICAL
ACF
NEY NO
SPECTRUM GooD FIT?
YES

OUTPUT PLASMA
PARANETERS

ADDITIONAL POINT ON DATA PROCESSING:

QUANTIZATION NOISE ~ # BIT AND 1S USUALLY NEGLICIBLE, SO DON'T
USE TON MANY BITS (SLOYS COMPUTING). NOTE THAT 7 BITS + SICM
GIVES MORE THAN 40 dB OF DYNAMIC RANGE, WHICH SEOULD BE MORE
THAN ENOUGH, GOOD RESULTS CAN BE OBTAINED WITH ONLY 1 BIT!

PROCESSING AND ANALYSIS GOAL:

COMPLETE ANALYSIS AND REDUCTION TO PLASMA PSRAMETERE 1IN
REAL TIME IF POSSIBLE. SAVES TIWE; SAVES STORAGE; ALLOWS
(POSSIBLY AUTOMATIC?) RADAP ADJUSTMENT TO OPTIMIZL DATA
COLLECTION
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FARADAY ROTATION MEASUREMENTS USING INCOHERENT SCATTER

AT PROPER FPREQUENCY CAN BE VERY USEFUL SINCE ROTATION RATE GIVES
THE ABSOLUTE ELECTRON DENSITY PROFILE CONVENIENTLY

dR/dh oc B 172 cose N(b)
1P FREQUENCY 18 TOO HIGH, GET LITTLE ROTATION AND LOSE SENSITIVITY

BUT IF FREQUENCY 1S TOO LOW, CAN GET TNC “WUCH ROTATION
(FARADAY DISPERSION - SUBSTANTIAL ROTATION WITHIN PULSE LENGTH

ALSO, MANY POTENTIAL SYSTEMATIC ERRORS, BUT ALL CAN BE COMPENSATED
FOR, AS AT JICAMARCA
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COMPLEMENTARY CODES
— s ks
NARROWBAND ("UNDERSPREAD"! SIGNALS

f TRAR
MAXINUM DOPPLER < OR << § PRF . BASIC IDEA: (::I:j:;::;::a
MEDIUM CORRELATION TIME > OR >> INTERPULSE PERIOD (IPP) : ' )
| T 27
PULSE-TO-PULSE CORRELATION EXISTS | Yar ! ]
Z 17 AVA . DO
FFT PROCESSING MOST CONVENIENT A_. . 1. s Asemddan ...y
— § / (R § E L LI /
EXAMPLES -l
A 8 A 8

SCATTER FROM IONOSPHERIC PLASMA INSTABILITIES (AURORA)
(MAY BE UNDER OR OVERSPREAD)

DECODE EY CROSS-CORRELATING WITH A,B TO GIVE
SCATTER FROM TURBULENCE IN TROPOSPHERE, STRATOSPHERE,

AND MESOSPHERE

TWO ADDITIONAL TECHNIQUES NOW AVAILABLE:
1. PULSE COMPRESSION USING COMPLEMENTARY CODE PAIRS GIVES =il ‘__62’
HIGH COMPRESSION RATIOS WITH NO NEARBY RANGE SIDELOBES

‘ POINT TARGE1]
€
I )

RESPONSE

2. COHERENT INTEGRATION (SUMMING VOLTAGE RETURNS, NOT POWERS, , T . 2 ...
FROM SUCCESSIVE PULSES) CAN GREATLY SIMPLIFY COMPUTER ' o .'l"l'
PROCESSING 0

NO NEARBY RANGE SIDELOBES (BETTER EVEN THAN BARKER CODE)
CAN EE IMPORTANT IN TROPOSPHERE~STRATOSPHERE MFASURENENTS
WHERE SIGNAL STRENGTH FALLS OFF 2-3 dB/km

ORLY WORKS IF ECHO MAINTAINS COHERENCE OVER TIME >> T
(vs n AT POR BARKER CODE)

RANGE SIDFLOBES (AMBIGUITY) AT ~ T, 2T, ETC
NOT A PROBLEM IF ECHOES FROM CORRESPONDING RANGES ARE WEAX OR
DO NOT MAINTAIN REQUIRED COHERENCE

COMPLEMENTARY CODE PAIRS (OFTEN SEVERAL) EXIST FOR
D=2 4 (example shown), B, 10, 18, 20, 3z, 40, ..,



-20 -
COMPLEMENTARY CODES {continued)

MORE ELABORATE SCHEME:

TRANSMIT A,B,A,B,A,B,A,B,...
Mgy —

DECODE BY CROSS~CORRELATING WITH A,B,A,F TO GIVE SINGLE PEAK
AT 0 AND FIRST SIDELOBE AT 2T-(n-1)a?

OR CROSS-CORRELATE WITH B,A,B,A TO GIVE SBINGLE PEAX AT 7
AND FIRST SIDELOBE AT 3T-(n-1)A?

EXAMPLE (n=2)
TRANSMIT

7 .

7
r L

AN

-l
-
o
)
-
-
»

41

DECODED POINT TARGET RESPONSE
T ray ar '
‘*1 h—H LI
¥T

ALTERNATE DECODIRG

—f f——‘—-ﬁw—ii—i——i coe

[
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COMPLEMENTARY CODES (continued)

EXTENDING THIS IDEA WILL PUSH THE FIRST RANGE SIDELOBE OUT TO 3T
OR BEYOND. FOR EXAMPLE

A,B,A.B,A,B,AB,AB,AB,... — FIRST SIDELOBE AT ~ 3T
\__.——-V_-—-dl"

CAN BE USEFUL TO MAKE SEQUENCE SYMMETRIC (EQUAL NUMBER OF +1's AND -1's
AUTOMATICALLY ELIMINATES DC DUE TO RECEIVER AND/OR DIGITIZER BIAS

POSSIBLE FOR

A,B,A,B,,.. n=4, 18, 64,...
[

A,B,A,B,A,B,... =2, 8, 32,....
Nt ”

AB,A,B,A,BAB,AB,... n=d, 16, 64,...
L

NOTE THAT IT MAY BE POSSIBLE TO COHERENTLY INTEGRATE (SUM VOLTAGES)
MANY SAMPLES BEFORE DECODING (IF MEDIUM CORERENCE TIME IS LONG
HOUGH), THEREBY SAVING MANY COMPUTATIONS

ANOTHER POSSIBLY USEFUL IDEA:
TRANSMIT A AND B SIMULTANEOUSLY ON ORTHOGONAL POLARIZATIONS
(IF TRANSMITTER WILL PERMIT). MEDIUM MUST THEN REMAIN CORRELATED
ONLY FOR LENGTH OF UNCOMPRESSED PULSE, NOT INTERPULSE PERIOD

BETTER THAN BARKER CODE: NO RANGE SIDELOBES
NO LIMIT TO COMPRESSION RATIO
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NARROWBAND SCATTER AND DETECTABILITY

IT CAN BE SHOWN THAT, FOR A QUASI-COHERENT TARGET, PULSE COMPRESS1ON,
COHERENT INTEGRATION, SPECTRAL PROCESSING, ETC, ENTER INTO
THE DETECTABILITY (DEFINED AS THE RMS FRACTIORAL ERROR IN THE
SIGNAL POWER ESTINMATE) ONLY THROUGH THE TERM

(AR)(P, )

THE PRCDUCT OF THE RANGE RESOLUTION AND AVERAGE TRANSMITTER
POWER

IN OTHER WORDS, LONG HIGELY COMPRESSED PULSES AT A LOW PR¥ GIVE THE
SAME RESULTS AS UNCOMPRESSED OR SLIGHTLY COMPRESSED PULSES AT
A BIGH PRF. (THIS IS NOT TRUE FOR INCOHERENT SCATTER, REMEMBER)

OPTINUM CHOICE DEPENDS ON PRACTICAL DETAILS SUCH AS
IMPORTANCE OF GROUND CLUTTER
RANGE AMBIGUITY PROBLEMS

RANGE GAPS DUE TO RECEIVER CUTOFF ("DEAD" TIME DURING WHICH
RECEPTION IS5 IMPOSS!BLE)

COMPUTER LIMITATIONS
TRANSMITTER LIMITATIONS
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SPECTRAL ANALYSIS AND WINDOWING

NO TAPERING OF DATA BLOCKS IN TIME SERIES BEFORE FFT
—# SPECTRUM CONVOLVED WITH SIN X/X FUNCTION

BUT THIS FUNCTION HAS ZEROS AT FREQUENCIES EQUAL TO TEE
FREQUENCY STEPS IN THE SAMPLED SPECTRUM; HENCE RESPONSE
AT EXACTLY ZERO DOPPLER (e.g., GROUND CULTTER) IS NOT
BROADENED

FIRST MAX (AT 1.5 FHEQUENCY STEPS) 15 DOwN BY 13.5 4B -
OFTEN GOOD ENOTGH

MAY BE ADVISABLE TO USE TAPERED WINDOW IN SOME CASES, HOWEVER.
GROUND CLUTTER MAY HAVE APPRECIABLE SPECTRAL ¥IDTH

window function

ot = N(TPP) RN
-»t A S
S
- [ PRF/N
50
314)
St 6(§) — §i) FOR SAMPLED

SPECTRI™

NOT RELEVANT, HOWEVER, KHEN GROUND CLUTTER APPRECTABLY
BROADENED BY ATMOSPEERIC FLUCTUATIONS
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TPIC WIDEBAND SIGNALS NARROWBAND SIGNALS
( DNOCHEFENT SCATTER) (TNCPOSPHERE ETC SCATTER) WILEBAND RARRONEANT
PULSE BARKER OPOLPMENTARY (TLE PAIRS AND DATA DISTORT THEORY PATHER NO COMPARABLE THECRY FOR
COMPRESSTON 28 BIT MORE ELABCRATE SCHEVES BASHD ANACYS1S THAN CORFECT MEASURED TETAILED CCMPARISCN
(PHASE CTIES) cyaLic ON TMESE ; ACF BEFORE FITTING FOR
COPLEMENTARY (ITES USEFUL ALSO FOR BISTATIC FOR ' HIGHEST ACCURACY
N OFTHOG. POLARIZ.? YERY COXID PANGE RESCLITION NORE COMPUTING REQUIRED
EXTERDS GROUND CLUTTER EXTENDS GROUND CLUTTER
QUANTIZATION 8 BITS USUALLY PLENTY. MOCH INFORMATION CAN BY CBTAINED
ACF SINGLE PULSE POSSIHLE, HUT SINCE HAVE PULSE- EVEN IN "HARD LIMITEY' (1 BIT) CASE, (NERSAMPLING
MEASURE ENT PFOUSLE FULSE TO-PULSE COPRELATION, EASIER NORTHWHILE WEN (NLY 1 OR 2 BITS USED
DOUBLE POLSE (O & X) TO CALCVLATE FFT
MULTIPLE PULSES
CARIFUL WITH PULSE SPA-
CINGS, SAMPLING INTER-
VALS, FILTERS IN NULTI-
PULSE CASE
FFT NOT POSSIHLE SINCE XD STRAIGITFURVARD FFT USING SUC-
PULSE-TO-PULSE CORMEL- CESSIVE SA'PLES FROM EACH
ATION (OVERSPREAD) ALTTTUDE
TAPER DWTA BLOCXS?
FARADAY GIVES ABSOLITE M(h)
ROTATION CHOOSE PROPER FRECUENCY
SPECIAL SCHRES TO AVOID
SYSTEMATIC ERRCPS
FREQUENCY COMBINL WITH POWER, ACF, OR FFT MEASUREMENT TO REDUCE
STEPPING INTEGRATION TIME WHEN S/N 2 1. MULTIPLE RECEIVERS
COHERENT NOT POSSIALE (REATLY RETIXES (DMPUTER
INTEGRATICN PROCESSING

INTERCHANGE WITH FHASE [ECIDI'NG?
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