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Figure 3·2: Simulated IS spectra for di�erent number of independent spec-
tra integrated at an operation frequency of 1289 MHz. Top plot shows an
average of one spectrum. The middle plot shows an average of 30 inde-
pendent spectra. The bottom plot shows an average of 600 independent
spectra.
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can account for the simultaneous enhancement in the two ion lines, and the simultaneous55

ion and plasma line enhancement.56

This purpose of this paper is to provide a unified theoretical model of modes expected in57

the ISR spectrum in the presence of field-aligned electron beams. The work is motivated58

by the phenomenological studies summarized above, in addition to recent theoretical59

results–in particular, those of Yoon et al. [2003], and references therein, which suggest60

that Langmuir harmonics should arise as a natural consequence of the same conditions61

producing NEIALs. Although these e�ects have been treated in considerable detail in the62

plasma physics literature, their implications for the field of ionospheric radio science (and63

ISR in particular) have not yet been discussed. The conditions to detect all the modes64

present within the IS spectrum within the same ISR is also presented in this work.65

2. Plasma in Thermal Equilibrium

There exist two natural electrostatic longitudinal modes in a plasma in thermal equilib-66

rium: the ion acoustic mode, which is the main mode detected by ISRs, and the Langmuir67

mode [Boyd and Sanderson, 2003]. Using a linear approach to solve the Vlasov-Poisson68

system of equations, the dispersion relation of these modes is obtained. The real part of69

the ion acoustic dispersion relation reads70

⇥s = Csk, (1)

and the imaginary part (assuming ⇥si � ⇥s, k2�2
De � 1 and Ti/Te � 1) can be written71

as72
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where Cs =
⌥

kB(Te + 3Ti)/mi is the ion-acoustic speed. The dependence of this mode

on ionospheric state parameters is observed in Eq. 2. The Langmuir mode is detected by

ISR under certain conditions, and the real part of its dispersion relation is expressed as
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and the imaginary part (assuming ⇤Li ⇤ ⇤L) is73
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The forward model used to estimate ionospheric parameters in ISR assumes that these74

are the dominating modes in the ISR spectrum. However, an injected beam of particles,75

in particular electrons, can destabilize the plasma, altering the dispersion relations and76

amplitudes of these modes.77

3. Current Model of the Langmuir Decay Process for NEIAL Formation

The model presented by Forme et al. [1993] to explain NEIALs is a two step process.

First, a beam-plasma instability enhances Langmuir Waves (LW). Second, if the enhance-

ment of LW is high enough then the enhanced LW can decay, enhancing Ion Acoustic

Waves (IAWs) and counter-propagating LWs. The plasma-beam process involves three

species: thermal electrons, thermal ions, and an electron beam with a bulk velocity of

vb. By assuming small perturbations and small damping/growth (vthe, vthi, vb ⇤ ⇤/k),

linearization of Vlasov-poison system can be used to find the dispersion relation of the
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ment of LW is high enough then the enhanced LW can decay, enhancing Ion Acoustic
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Components of a Pulsed Doppler Radar

Physics model

Plasma density (Ne) 
Ion temperature (Ti) 
Electron temperature (Te) 
Bulk velocity (Vi)

+

+

+

__

_

cos(ωot)s(t)

sT(t) = s(t)cos(ωot)

sR(t) = a(t)cos(ωot + ϕ(t))

sB(tn) = anejϕn = In + jQn

cos(ωot) sin(ωot)



Meteor Radar Example

f = c/� (1)
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cos(2⇡(fo + fD)t) (6)

e
j2⇡fDt = cos(2⇡fDt) + j sin(2⇡fDt) (7)

Ae
j2⇡fDt = I(t) + jQ(t) (8)

�(!) (9)

�1 (10)

�2 (11)

We transmit an amplitude-modulated cosine of frequency !c. The received
signal will have some time varying amplitue a(t) and time-varying phase �(t)
applied to this,
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We compute the analytic signal through Euler’s identity by “mixing”
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Inter-pulse period (IPP)

Meteor Echo I & Q
Vo

lta
ge

Power Spectrum

Coherent target (meteor 
ionization trail), with ~constant 
velocity.


Find velocity (hence, neutral 
wind velocity along radar line of 
sight) by sampling I and Q from 
many pulses, taking the Fourier 
Transform (FFT), and forming 
�  

Velocity and reflected power are 
found from the peak in the 
power spectrum.

|S( f ) |2



Does this strategy work for ISR?
Doppler width at 450 MHz:     10 kHz

de-correlation time (zero crossing):  ~1/10kHz = 0.1 ms

Inter-pulse period (IPP) to reach 500 km:   2R/c = 3ms

Stated alternately, the Doppler frequency shift of the plasma is much higher than the 
maximum unambiguous Doppler shift measurable for the pulse-repetition frequency.

Plasma has de-correlated by the time we send the next pulse.

ISR spectrum               Autocorrelation function  (ACF)

Increasing Te



Autocorrelation function and power spectrum

31

Figure 2·5: The top figure shows an Incoherent Scattering Spectrum,
including the three lines. The middle figure shows a zoom to the ion acoustic
line, which is the focus of this research. The bottom figure shows the
autocorrelation function �(⇥) of the ion acoustic line. f+ is the Doppler
frequency associated with the ion acoustic phase velocity.

                                                              

Ti/mi

Te/Ti

Vi

Ion temperature (Ti) to ion 
mass (mi) ratio from the width 
of the spectra

Electron to ion temperature 
ratio (Te/Ti) from “peak-to-
valley” ratio

Electron (= ion) density 
from total area (corrected 
for temperatures)

Line-of-sight ion velocity 
(Vi) from bulk Doppler 
shift

area ~ Ne
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Figure 2·5: The top figure shows an Incoherent Scattering Spectrum,
including the three lines. The middle figure shows a zoom to the ion acoustic
line, which is the focus of this research. The bottom figure shows the
autocorrelation function �(⇥) of the ion acoustic line. f+ is the Doppler
frequency associated with the ion acoustic phase velocity.

zero lag (=signal average power)

1st lag

2nd lag

3rd lag

Our goal is to sample lags with 
sufficient fidelity to provide 
meaningful estimates of plasma 
parameters

• The purpose of a monostatic radar 
is to measure the range profile of the 
signal autocorrelation function (acf) 
• The acf is sampled at certain 
intervals of delay. • Convention: lags 
are numbered as 0, 1, 2, .... • Zero lag 
is equal to signal power. • The range 
and lag resolutions of the 
measurement are 
determined by the radar modulation 
and sampling rate.
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• A pulse propagates at speed of 
light, represented here by the 
slope of the lines.

• Target is continuous, so each  
sample collects scattering from  
volume defined by pulse length.
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Computing the ACF (and, hence, spectrum)
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Computing the ACF (and, hence, spectrum)
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Computing the ACF (and, hence, spectrum)
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Computing the ACF (and, hence, spectrum)
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Computing the ACF (and, hence, spectrum)
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Computing the ACF (and, hence, spectrum)
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