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Abstract. It was recently observed that double-pulse mea-frequency shift of the central radar frequency caused by the
surements of the mean velocities of a wide asymmetric specdynamic backscatter targets in the ionosphere. In the follow-
trum are a function of the time lag between the pulses (Us-ing “mean Doppler velocity” is the first moment of the power
pensky et al., 2004. Here we demonstrate that the observed spectrum (see Egs. 1 and 2 below). Other characteristic ve-
relationship probably is influenced by the measurement techlocities derived for the spectrum are here referred to simply
nique in a way that is consistent with theoretical prediction.as “mean velocities”. A mean velocity can be defined dif-
It is further shown that for small time lags the double pulse ferent ways. In the following various theoretical and exper-
velocity is a good approximation to the mean Doppler velo-imental “mean velocities” are introduced and their relation-
city. ship to each other examined. Observations with the STARE
Key words. lonosphere (auroral ionosphere; plasma wavesrada_r system are then used to iIIustrgte the_se results. It is
and instabilities; ionospheric irregularities) conﬂrmed that the double pullse technique with a smal! sep-
aration between the pulses yields a useful approximation to
the mean Doppler velocity, while the Doppler velocity as-
sociated with the peak in the backscatter power spectrum is
1 Introduction better approximated using a large separation between double
pulses.
Coherent radars have been widely used to study plasma
processes in the Earth’s E-region ionosphere (see, for ex-
ample, Jackel, 2000; Nielsen, 1989; Villain et al., 1987). 5 ean velocities
The k-vector of a ground-based radar is pointed nearly per-
pendicular to the Earth’s mggnetic field at an altitude of 1, “mean velocity”, or the velocity one may use to charac-
~105km, where the radar signal may be backscattered COgyize the spectrum with a single parameter, could, for exam-
herently from periodic plasma structures excited by |nstabll—p|e, be the frequencyimayx at which most power is backscat-
ities in the plasma. The autocorrelation function (Or SpeC-tereq. To choose a parameter that is associated with the max-
trum) of the backscattered signal contains maximum infor-j,um power in the backscatter process would seem to be a
mation about the backscatter processes. However, often it i@ood choice, since it is referenced to a well-defined physi-
not the autocorrelation function or the spectrum that is di-4) property of the spectrum. However, this parameter has
rectly used to study the ionosphere, but rather a single Page graw-back in that it disregards the shape of the spectrum.
rameter derived to characterize these functions. Instead qf points only to the maximum but contains no information
working with the spectra themselves, it is often expedient togp 4t the skewness of the spectrum. So even thgighis
work with a parameter derived to characterize some aspectg,q frequency of the spectral maximum, it does not inform
of the spectra, for example, the “mean Doppler frequency”. s ahout the distribution of the received power relative to
The mean Doppler frequency is a measure of the “mean‘ine spectral maximum:; althoughnay s the frequency of the
spectral maximum, the distribution of the received power rel-
(nielsen@linmpi.mpg.de) ative to the spectral maximum is unknown. When integrat.ing
1yspensky, M., Koustov, A., Sofieva, V., Amm, O., Kauristie, V€' frequeqcy, there may be actually more power received
K., Schmidt, W., Nielsen, E., Pulkkinen, T., Pellinen, R., Milan, S., for frequencies other than those near the peak.
and Pirjola, R.: Double-pulse and multi-pulse velocities of STARE ~ Another “mean velocity”,< f>, is defined such that the
echoes, Ann. Geophysicae, submitted, 2004. total power received for frequencies less thafi> is equal
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Lol b 1 R or decreases its travel distance by twice the distance the tar-
] i get has moved since the first pulse. If the target in the inter-
98] LR pulse time,T', has traveled half a wave length of the signal
- ] i frequency, then the travel distance of the second pulse has
2 decreased (or increased) by one wavelengthnd its phase
2 06 r E ¢, therefore, is changed byr2relative to the first pulse. If
§ g 104 the phase change is assumed to be proportional to the travel
o4l i 5 distance, we have for the mean velocity of the target,
g A
02 S i vD=$% = 1.66x 105?(m/s), ®)
] i whereg is measured in radians affdin us. The radar wave-
0.0 e e L length @) is 2086 m. If¢ is proportional tar’, then the mean
10000 00 1000.0 0.0 4000 BO00D 12000 PR
Frequency [F7] Time Lag [<10w] velocity is independent df.
This experimental definition of the mean velocity is used
Fig. 1. (a)An asymmetric spectrum. Note, phase. (b) The sim- in the STARE system: two pulses are transmitted with con-

ulated experimental phase shift (Eq. 7) between two pulses transtrolled phases, with a time interval of 208, and the phase
mitted with a time lag off" is shown by the solid curve. The cal- difference of the returned pulses is used to derive the mean
culations were made for the asymmetric power in (a). The dashe®oppler velocity following Eqg. (3). Similarly, in the multi-
line represents the hypothetical phase variation for a constant meagulse mode, each point on the autocorrelation function is de-
velocity equal to the mean Doppler velocityf> derived from  termined by pair wise correlating the signals backscattered
Eq. (1) for the spectrum in (a). The slopes of the two curves aréq the transmitted pulses. Thus, the mean velocity can be
nearly identical for small’, which means that the mean Doppler 0 mined as a function of time lag using the STARE multi-
velocity and the experimental velocity are compatible for small time .
lags, in this case close {220 m/$. pulse observat_lons. . L. .
In the following the relationship is examined between the

experimental mean velocity and the mean Doppler veloc-
to the power received, integrated over frequencies larger thaffy defined by Eq. (1). The autocorrelation function of the
<f>. This definition of the mean velocity yields informa- Packscattered radar signal is given by the correlation (ampli-
tion about the distribution of power relative to the mean ve-tude and phase) of the signals received in two pulses trans-
locity. This mean Doppler velocity, or mean Doppler fre- rmtted andthen rgcelved with a given time interval, as afur_10—
quency< f>, is mathematically defined as the first moment tion of the time interval between the pulses. The Fourier

of the power spectruns( f), transform of the autocorrelation function is the power spec-
trum of the received signal. Thus, the relationship between
/S(f)(f— < f >)df=0, 1) the autocorrelation functiorR (7"), and the spectrum is
_ ioT
whereS(f) is normalized R(T)_/S(f)e af. “)

To derive the equation which determines the “mean fre-
/S(f)df=1~ ) quency”, f,, defined by the double pulse technique, the
angle of the autocorrelation function is introduced as
In practice, the characteristic Doppler velocity of a spectrumg = ,, 7, wherew,7f, (The mean velocity is given by
is often measured using a double pulse radar technique. The;,—1.043x f,.). Now R(T) can be written as
STARE coherent radar system is used to measure the auto- .
correlation functions of the E-region ionosphere irregulari- R(T)=|R(T)|e'*. (5)
ties or plasma waves. The measurement procedure is outs. - - - -
lined in Nielsen and Rietveld (2003). Six pulses are transmit-tSInce the imaginary component of amplitude is zero, we have
ted in a certain time pattern, which allows double pulse pairs)y, {R(T)e_i“’f’T} -0 (6)
to be identified with a time lag of 200, 400, ..., 1208.
Conceptually, the measurements may be regarded as beirgnd combining Egs. (4) and (6) yields
simultaneous for several different double-pulse pairs. For
each pulse pair a mean velocity of the target can be calcu-/ S(fysin[2z T (f— f,)]df = 0. @)
lated from the observed difference in phase shjfinduced
in the two pulses by the radar target (Jackel, 2000; NielsenThe mean Doppler shiftf,, is determined such that this in-
1989; Rummler, 1968). tegral is zero. Comparing this result with that in Eq. (1) it
This phase shift is a measure of how far the second pulséecomes apparent that the double-pulse velogityis equal
traveled relative to the first pulse. Equivalently, during the to < > for symmetric spectra (because the sine-function is
time interval between the pulses the second pulse increasasieven, an even spectrum results in a zero value integral).
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E / Fig. 3. (a) The backscattered power spectrum observed with
0 STARE averaged between 12:23 and 12:25 UT on 12 February
g / 1999. This spectrum, as shown, was used in the phase calculations.

(b) The calculated variation of the phase change between two dou-
ble pulses as a function of time lag for the observed spectrum in
/ (a) (solid curve). The “circles” represents the observed data points
/ taken from Fig. 2. The dashed line represents the mean Doppler ve-
locity (Eq. 1) calculated using the spectrum in (a), and &5 m/s.

The mean velocity is a function of the mean Doppler velocity,
the double pulses’ time lag and the uneven moments of the
backscattered power spectrum.
If the argument in the sine function in Eq. (7) is so small
that it approximates its sine valug;- sind, then f,~< f >,
| | independent of whether the spectrum is symmetric or asym-
3 ¢ 5 b metric. This is equivalent to require that the spectral mo-
Lag Nmoer ments withn>3 on the right-hand side of Eqg. (11) are small
compared to the term with the 1st moment. This situation
occurs if the spectrum is narrow enough and if the backscat-
tered power only exceeds the noise in a narrow interval
aroundf,, and< f> is >0.
Sinced=nT(f—f,) the approximation of the sine func-
To further examine howy, depends off’, the sine function  tjon by its argument is better satisfied the smaillés. If, say,

Fig. 2. Phaseg, vs. time lag (=Lag Number * 200s) for STARE
multi pulse experiment (after Fig. 5b in Uspensky et al., 2004

in Eq. (7) has been expanded in a Taylor series, the spectrum exceeds the noise level ffpr- f,| <500 Hz,
and 7=200us; thené is a good approximation of séh
5CH) over the whole frequency interval (the worst approxima-

1 ) ;1 . 5 tion is 6~0.62 and si®~0.59 for | f— f,|=500Hz). In
[(f—fo)—s,(zﬂT) (f=fo) + g(ZﬁT) (f=1o) —} df=0(8) this realistic case the 2Qfs double pulse measurement will
’ ' yield a good approximation of the mean Doppler velocity

1 2 3 (Eq. 1). If T=400us, therv# sind (6~1.25 and sir®~0.95
f0=<f>_g(2”T) /(f_fo) SCH for | f— f,|=500Hz), and consequently, is not a good ap-
1 proximation of< f>. For largerT the approximation further
df+l—20(2ﬂ T)4[ (f=f0)°S(fHdf—... (9)  deteriorates.

In conclusion, for small values of the double pulse time

Defining thenth moment of the normalized power spectrum lag, T, of, say, 20Qus, the experimental mean velocity is

Mn=/ (fF—F)"S(f)df (10) a good approximation of the mathematically defined mean
Doppler velocity, Eq. (1). For a larger time lag the values of
we find f, and < f> remain compatible for symmetric spectra and
2r)2_, @)%, for narrow spectra, but for wide asymmetric spectra the mean
fo=<f>—TT M3+ET 5—... (11)  velocity, f,, becomes a function of the time Iaf,
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Table 1. Observed and estimated (numerical) velocities.

Simple model (Fig. 1) Observations (Fig. 2)  Derivations from spectrum (Fig. 3)

m/s m/s m/s
Mean Doppler velocity (Egs. 1 and 2) 220 195
Mean velocity for:
small-T (~200us) 220 180 175
largeT (~1200us) 350 345 345
(MP) curve fit 360 380 385

As an illustration the ¢ vs. T" curve implied by Eq. (3)  function of the time lag. From Fig. 2 we find a variation of
has been calculated for a wide asymmetric backscatterethe Doppler velocity from 180 m/s at 2@ to 345m/s at
power spectrum. This simple spectrum is chosen in orderl200us, and 380 m/s for a linear fit to all the observations.
to demonstrate the basic variation of the phase as a function The observed variation of¢ vs. T” can be accounted
of time lag in a double pulse measurement. The spectrum isor by the observed asymmetric backscatter power spectrum.
shown in Fig. 1a, and the associated phase versus time lag Mhe average backscattered power spectrum observed with
Fig. 1b. STARE over a 2-min time interval centered on 12:24 UT

The mean velocity is related to the ratio of the phase ands shown in Fig. 3a. It has an asymmetric main peak, as
time lag (Eq. 3). In Fig. 1b one notices the absence of prothe simple spectrum in Fig. 1a, and in addition, a tail ex-
portionality between phase and time lag for the asymmet+tending towards negative frequencies. Using this observed
ric spectrum: the slope of the simulated experimental curvespectrum and Eq. (7), the phase variation with time lag was
(solid) is actually increasing with time lag. This implies that determined, Fig. 3b.
the mean velocity increases with time lag. The (numeri-  The agreement with the observation data in Fig. 2 is quite
cal) Doppler velocity increases from 220m/s at 280to  striking. The “curved” behavior below 6Q6s, as well as
350 m/s at 120@s, and is 360 m/s for a linear fit to the whole the nearly linear behavior above 608, is reasonably well
curve. For the dashed curvgT is constant and equal t0 reproduced. The (numerical) mean velocity increases from
the mean Doppler velocity. The difference between the solidy 75 m/s at 200 to 40@s, to 345m/s at 1200s, and to
and dashed curves arise owing to the asymmetry of the spe@gs mys for a linear fit to all the observations. The measure-
trum. The slope of the dashed line is a good approximationnents, £,, for small T are a good approximation to the cal-
to the slope of the “experimental” (solid) curve at small time ¢yjated mean Doppler velocity, £ > (the slopes of the solid
lags, indicating, as expected, that the experimental velocityand dashed curves are compatible for small time lags). One
for small7 is a good approximation of f>. may argue that the fit between the solid and dashed curves

Figure 1 is only used to illustrate the theoretical results.is not as perfect as is the case for the corresponding curves
It shows that the detailed behavior of phase with time lagin Fig. 1b. Indeed, Uspensky et al. (2004uggest that in
depends on the spectrum associated with the observed datgarticular this “poor” fit is a result of cross-talk between
The next step is therefore to introduce an observed phase Vvgjfferent backscatter ranges (see Sect. 4). However, in this
time lag, together with the associated spectrum, and then reyork the key point is to note that spectral asymmetry in itself
calculate the phase vs. time lag for that spectrum and comeayses a nonlinear variation of the phase versus lag between
pare with the observed variation. double pulses, which is quite similar to the observed varia-
tion. A higher order effect as cross-talk is being treated sep-
arately. The parameter values derived from Figs. 1, 2 and 3

3 Observations are listed in Table 1.

Using the STARE system Uspensky et al. (260dhserved

the phasep as a function of the double pulse time lag. An

example of their results is shown in Fig. 2. The mean velocity4 Discussion

is for a given double-pulse time lag determined by the ratio

between phase and time lag. It is not straightforward to determine which is the most ap-
The observed variation of phase with time lag has featuregpropriate and useful definition of the mean velocity or mean

similar to the general predicted behavior (Fig. 1b). For smallfrequency of the spectrum. It could be the frequency associ-

lags the phase shift is reduced in magnitude compared to thated with maximum backscattered power, or the mathemat-

shift associated with larger lags. Figure 2 shows thand ically defined mean frequency of the spectrum. The mean

T are not proportional, but rather that the ratio between theDoppler velocity is defined as the first moment of the power

phase and lag time tends to increase with increasing lag timespectrum; it is a defined parameter and it is therefore an im-

Thus, the mean frequency is observed to be an increasingortant parameter to measure.
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In practice, the mean frequency is often determined us- Past analysis of experimental data showed thgt- is
ing a double-pulse measurement technique. In this reportypically 15% larger thary, (private communication, J. A.
it is demonstrated that the mean velocity obtained with aWaldock). But both< f> and f, are different from fiax
double-pulse measurement technique is a good approximgexcept for symmetric spectra, where they are all of equal
tion of the mean Doppler velocity when the measurement ismagnitude). So which of these “Doppler velocities” is the
made at a small time lag. The experimental and theoreticalelocity relevant as a typical characterization of the spec-
mean Doppler velocity is compatible for symmetric spectratrum? If we want to characterize the spectrum by a single
and for narrow (symmetric or asymmetric) spectra, indepen-'Doppler velocity”, which one should be used? Fundamen-
dent of time lag. But for wide asymmetric spectra the meantally, this is a question to be answered by the theories of the
Doppler velocity and experimental defined mean velocitiesbackscatter process. One may therefore suppose the mean
have different values for large time lags. Typically, coherentvelocity, < f >, to be the relevant parameter. There is no rea-
spectra are wide and asymmetric for large flow angles andon to expect that just because a parameter value is large, that
high electron drift velocities. It has been shown with an ex-it is also “better”. Increasing the double-pulse time separa-
ample of STARE radar observations, that the experimentation increases the mean velocity, but it does not necessarily
mean velocities measured using double-pulses, are related tead to a more relevant mean velocity. Using a double pulse
the backscatter spectrum, consistent with theoretical predictime lag of 20Qus ensures that the observed mean velocities
tion. are useful approximations to the mean Doppler velocity, the

Uspensky et al. (2004)reported that on 12 February first moment of the spectrum. This is therefore a relevant
1999, around 12:24 UT, the mean velocities observed withparameter with a well-defined meaning.
a double-pulse technique were increasing for increasing time There is a further important argument for this choice of
delay between the pulses. The authors suggested that the otime lag. The larger the time lag, the smaller the velocity
servations could be accounted for by assuming some correghat can be measured without ambiguity. If the radial mo-
lation between the signals backscattered from the two pulseson of the radar target is so fast that there is more than 2
at different ranges. It has generally been assumed that theneriation in the phase of the second pulse relative to the first,
is only correlation between signals backscattered from thehen the phase shift during the time lag becomes ambiguous,
same range. The pulse length used in the experiment correand the mean velocity can no longer be determined with ac-
sponds to a range resolution of 15km, and the inter-pulsecuracy. Since flow velocities in the auroral ionosphere are
time is >30km. Thus, the new assumption is that there known to exceed 1500 m/s, a small time lag in the double-
may be a correlation between signals backscattered fronpulse measurements is required for accurate observations. In
widely separated regions;30 km. On the other hand, this the STARE system we earlier us@=300us, which cor-
report suggests that these observations can be (at least partlggsponds to an unambiguous maximum observable Doppler
accounted for by the nature, or technique, of the doublevelocity of 1667 m/s. Later, software and hardware changes
pulse measurements. It has been demonstrated, that for thkd not allow that time delay. Instead, a vallie200us was
observed asymmetric spectrum the calculated double pulsased. This corresponds to an unambiguous maximum veloc-
phase variation with time delay (Eq. 7) is in agreement withity of 2500 m/s.
the observed phase variations. The observed phase varia- The deviation from proportionality between phase and
tion (and therefore also mean velocities) at small, as welltime lag increases with asymmetry and width of the spec-
as at large time delays is consistent with the values predictettum. Wide and narrow spectra can be observed simultane-
by calculations using the observed spectrum (Fig. 3). Thisously from different directions in the same backscatter vol-
does not exclude the possibility of some correlation of sig-ume. The spectral width tends to increase with increasing
nals from widely separated regions, but it does indicate thaflow angle. The asymmetry tends to increase with increasing
before a final conclusion is made the observations ought telectron drift velocity in the plasma. In the eastward electro-
be corrected for the influence of the double pulse techniquejet (Nielsen et al., 1984) narrow spectra could be observed
and then the correlation-analysis repeated on the correctefbr all flow angles, but wide spectra were observed only for
data. large flow angles£70°). The width of spectra increased

The observed non-proportionality of phase and time lag israpidly with increasing flow angle and increasing electron
a consequence of the wide asymmetric spectrum. Since natrift velocity. The spectrum tends to be asymmetric when
all spectra observed with STARE are asymmetric, this alsahe line-of-sight increases abovel00 m/s. In the westward
accounts for observations of linear phase change, which imelectrojet (Haldoupis et al., 1984) the average spectral prop-
plies a mean velocity independent of time lag (see Uspenskgrties are similar to those reported for the eastward electrojet.
et al., 2004). The observations during morning hours in the Thus, wide asymmetric spectra are expected in both the east-
westward electrojet (reported by these authors) may be aswvard and westward electrojets at large flow angles for large
sociated with spectra less skewed or asymmetric than thoselectron drift velocities.
associated with the observations in the eastward electrojet. The STARE system operates atl40 MHz. But coher-
This would explain that the observed non-proportionality be-ent echoes have been observed over a wide frequency range,
tween phase and time lag would be more pronounced fofrom 10 (Milan and Lester, 2001) to 3000 MHz (Leadabrand
eastward electrojet observations. etal., 1967).
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