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Abstract. Fresnel transform meteor speed estimation isl Introduction
investigated. A spectral based technique is developed al-
lowing the transform to be applied at low temporal sam- Radar techniques have been used for meteor observations for
pling rates. Simulations are used to compare meteoroicbver 50 years. The earliest observations were predominantly
speeds determined using the Fresnel transform and alternder astronomical purposes, such as meteor shower studies
tive techniques, confirming that the Fresnel transform pro-and meteoroid speed estimation (see e.g. Elford, 2001). At-
duces the most accurate meteoroid speed estimates for highospheric observations were later made by measuring the ra-
effective pulse repetition frequencies (PRFs). The Fresnetlial drift speed of the ionized trail for investigation of meso-
transform is applied to high effective PRF data collected dur-spheric and lower thermospheric dynamics (e.g. Robertson
ing Leonid meteor showers, producing speed estimates it al., 1953), and the decay times for investigation of diffu-
good agreement with the theoretical pre-atmospheric speedion (e.g., Greenhow and Neufeld, 1955). Recent advances
of the 72kms?. Further simulations for the standard low in personal computers and digitization technology have re-
effective PRF sampling parameters used for Buckland Parlsulted in a suite of instruments used for online meteor ob-
meteor radar (BPMR) observations suggests that the Freservations (e.g. Hocking et al., 2001), such as the Buckland
nel transform can successfully estimate meteor speeds up t®ark Meteor Radar (BPMR) (e.g. Holdsworth et al., 2004).
80kms. Fresnel transform speed estimation is applied us-These radars are capable of estimating count rates of up to
ing the BPMR, producing speed distributions similar to thosetwenty thousand underdense meteor echoes per day, which
obtained in previous studies. The technique is also appliedhas allowed the development of new techniques for estimat-
to data collected using the BPMR sampling parameters during atmospheric parameters, such as those for used to esti-
ing Southern delta-Aquarid and Geminid meteor showersmate absolute temperature (e.g., Hocking, 1999; Holdsworth
producing speeds in very good agreement with the theoretet al., 2006).
ical pre-atmospheric speeds of these showers (41 kiasd Knowledge of accurate meteoroid speeds is important for
35kms 2, respectively). However, application of the Fresnel understanding the speed distribution of Earth impacts and
transform to high speed showers suggests that the practic@r improving understanding of meteoroid ablation, and pro-
upper limit for accurate speed estimation using the BPMRyides information about ionization efficiency and initial ra-
sampling parameters is around 50 krhs This limit allows dius of the meteoroid plasma (e.g. Baggaley and Grant,
speed accurate estimates to be made for about 70% of knowpoo4a). Meteoroid speeds also provide essential data in the
meteor showers, and around 70% of sporadic echoes. calculation of meteoroid orbits, which are important for pre-
dicting and removing the dust foreground emission from the
Keywords. Radio science (Signal processing; Instrumentsinfrared observations of remote astrophysical objects (e.g.
and techniques) — Solar physics, astrophysics,and astrononielsall et al., 1998).
(Instruments and techniques) The earliest meteoroid speed determinations were based
on the range-time technique (e.g. McKinley, 1961), which
uses the fact that a meteoroid moving in a straight line tra-
jectory at a constant speed produces a hyperbolic profile on
Correspondence to: D. A. Holdsworth a range-time intensity plot. The application of this tech-
(dholdswo@atrad.com.au) nique was limited by the requirement for high power radars
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with high range resolution. Another early technique was1960Hz, 16 coherent integrations) and non range aliased
the “Fresnel oscillation” technique (e.g. Ellyett and Davies, mode (440 Hz, 4 Cls), producing “effective PRFs” of around
1948), that allowed the meteoroid speed of a transverse met10-120 Hz. This is considerably smaller than the effective
teor echo to be determined from the Fresnel amplitude osPRFs required for optimal application of the aforementioned
cillations occurring after the peak of the meteor echo. Thismeteoroid speed estimation techniques, and is a factor of two
technique is still currently in use (e.g. Baggaley et al., 1997).lower than the lowest effective PRF (200 Hz) at which Elford
As the effects of meteoroid fragmentation can reduce thg2004) has successfully applied the Fresnel transform.
strength of the Fresnel amplitude oscillations (e.g. Bagga- This paper presents the results of a study performed to in-
ley and Grant, 2004b), the technique can typically be ap-vestigate the suitability of Fresnel transform speed estima-
plied to between 1% and 20% of meteor echoes (e.g. Bagtion for all-sky interferometric meteor radars, such as the
galey et al., 1997). In recent years a number of new meteBPMR. Section 2 describes the Fresnel transform, and the
oroid speed techniques have been developed for both “clagnodifications necessary to avoid aliasing problems. Sec-
sical” (e.g. Cervera et al., 1997; Baggaley et al., 1997; Hock-tion 3 uses simulations to compare Fresnel transform speed
ing, 2000) and high-power large-aperture (HPLA) (e.g. Chauestimates with speeds determined using alternative tech-
and Woodman, 2004) meteor radars; these techniques hawveques for high PRFs, while Sect. 4 uses simulations to in-
significantly increased the precision and yield of meteoroidvestigate the accuracy of the technique for the sampling pa-
speed measurements. rameters used for the BPMR. Section 5 applies the Fresnel
Elford (2004) developed an application of the Fresneltransform to high PRF echoes collected during the 1999 and
transform to radar meteor observations in order to deduce th2001 Leonid meteor showers using the Juliusruh and An-
degree of fragmentation of the ablating meteoroid from thedenes all-sky meteor radars (e.g. Singer et al., 2004), respec-
structure of the scattering ionization immediately behind thetively. Section 6 presents the application of the technique
head of the meteor trail. The technique effectively removesto data collected using the BPMR, while Sect. 7 presents
the effects of the meteoroid from the meteor echo, and hashe application of the technique to data collected using the
proven remarkably successful in not only giving insight into Davis meteor radar during the 2005 Southern delta-Aquarid
the fragmentation of meteoroids, but also revealing other sigimeteor shower, and to data collected using the Darwin me-
nificant features of the echoes, including decay time, radiateor radar during the 2005 Geminid meteor shower. Section 8
drift speed, and phase of the scattered signal in the vicinity opresents a discussion of the results, while Sect. 9 presents the
the head of the trail (e.g. Elford, 2004). The technique alsosummary and conclusions. As the major aim of this study
allows measurement of the speed and deceleration of the més to determine the suitability of the Fresnel transform for
teoroid producing the trail. on-line implementation, the inclusion of deceleration in the
Application of the Fresnel transform to radar meteor transform has not been considered since this considerably in-
echoes has been successfully demonstrated using thereases the computation time (e.g. Elford, 2004).
Buckland Park VHF ST (BPST) radar (e.g. Elford, 2004;
Campbell and Elford, 2006), and the Advanced Meteor
Orbit Radar (AMOR) (e.g. Baggaley and Grant, 2004a). The2 TheFresnel transform
BPST system uses a large coaxial-colinear (co-co) antenna o , ) )
array, producing a narrow beam, while the AMOR radar The S|m|Iar|ty' betweep Fresnel diffraction ground a knife
uses a fan beam elongated in the North-South direction. Th€d9€ and radio reflection from a meteor trail suggests a re-
BPST radar results suggest that the Fresnel transform i@tlonshlp with optics that can be used in the |nterpretat|or_1
capable of determining meteoroid speeds up to the maximun®f radar meteor echoes. Elford (2004) was able to use this
entry speed of 72 knT<, with an accuracy of better than relationship to further develop a theoretical basis for the ap-

1%, while the application using the AMOR radar Suggestsplication of a Fresnel transform to radar meteor echoes, and
the Fresnel transform is capable of determining meteoroios_hOWeOI that meteo_r deC(_aIerat!ons were such that an assump-
speeds with an accuracy oflokm s, tion of an unchanging diffracting edge moving through the

atmosphere was justifiable on the time scales of the observed

All-sky meteor radars, such as the BPMR, transmit a com-echoes. It was shown that the one-dimensional scattering co-

parable power to the BPST and AMOR radars, but distribute€fficient of the trailA(y), is given by
this power almost isotropically. As a result the power aper- )
ture product of all-sky interferometric meteor radars is sig- A(y) = U/G/ E@) F(t,y) dt, (1)
nificantly smaller than that of the BPST and AMOR sys- o
tems, resulting in significantly lower echo SNRs. It is there- where y is the distance back from the head of the
fore often necessary to perform extra coherent integrationsrail to the scattering element; is the meteoroid speed,
on the echoes, which increases the effective sampling timeo =./ARo/(4r), X is the radar wavelengtiR is the orthog-
The BPMR operates in two modes (e.g. Holdsworth et al.,onal distance between the trail and the raddr) is the me-
2004): range aliased mode (pulse repetition frequency (PRF)eor echo complex time-series as a function of timand
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F(t, y) is a “weighting function” described below. The de- _ Weighting spectrum amplitude
pendent variables in Eq. (1) show that this equation relatesz 1.2 ‘ ‘ ‘ RS
the temporal variations i (¢) to the spatial form of the trail 5§ 1.0[ E
A(y). £ 0.8F =
The geometry of Fresnel diffraction is engendered in the £ o6 3

above equation through the “weighting functiafilz, y), de- Y o4l .
fined as 2 F 1

2 0.21 -

£ 0.0 ra) ‘ ‘ ‘ ‘ ‘ ]

i (vt +y\? = -4000  -2000 0 2000 4000

F(t,y) =exp E (T) . 2 Frequency (Hz)

= Weighting spectrum phase
Note that the additive relationship between the variables 3 127 : : B
andr gives Eq. (1) convolution-like qualities that are ex- F ]
ploited in this study. Note also that the sign of the argument % 8t E
differs from that quoted by Elford (2004) since we adopt the £ 6- E
MST radar convention that a target approaching the radar £§ 4~ E
has a negative radial velocity (positive Doppler shift). To o5& E
simplify the following discussion, reference focandv is re- g o) ‘ ‘ ]
moved by noting thag=—v¢ and the functiorB(¢t)=A(—vt) . —4000 —-2000 0 2000 4000
is referred to as the Fresnel transform. Frequency (Hz)

The ultimate resolution of the scattering coefficient de-

rived from the Fresnel transform depends on two factors tharig' 1. Weighting spectruna) amplitude andb) phase for simu-
relate to the meteor radar design (e.g. Elford, 2004). If the ated data generated assuming a 31 MHz radar with meteoroid speed

. : . f40kms1, 150 km, ling time 0.0001 s, and time-seri
width of the antenna polar diagram is comparable to the “de~ me ", range m, sampling ime S anatime-seres

cay distance” (i.e. the product of the meteoroid speed an(?uratlon 2s. The dotted line Indicatgihax

the echo decay time) then the polar diagram could distort

E(t) and adversely affect the result. This is not expectgd tOonly exist during the finite duratiofi of E(7), the maximum
be a problem for VHF radars due to the small decay timesfequency required of the weighting function is
observed. Secondly, a sampling rate of around 2000 Hz

is necessary to avoid temporal aliasing problems when the Tv?

above equations are applied without modification. However,/Max = 3+ ®)
successful application has been demonstrated with PRFs ash . . .

low as 200 Hz using “special interpolating procedures” (e.g.T e potential for frequencies less thgiax 1o b?’ allasec_j :
Elford, 2004). Further improvements are discussed in theWhe_n_ sampled _at the rat(_a used for the echo “”?e Series 1S
following sections. a critical factor in the design of a Fresnel analysis method.

The phvsics that relates the devel t of teor trai roblems can be averted by oversampli@) at the rate re-
€ physics that relates the development of a meteor traly, jiaq for £ (¢), however, this makes operations in the time
to E(t), including that of Fresnel diffraction theory,

is engen- domain computationally expensive.
dered in EqQ. (1). Application of this equation has the poten- As noted previously, the Fresnel transform can be con-
tial to remove the Fresnel oscillations from the meteor echo, '

L . : . . sidered as the convolution of the meteor echo time-series
This in turn may allow improved estimation of decay times

. . L .~ E(r) with the weighting functionf'(¢). However, rather than
and radial drift speeds. It may also assist in the determ'nat'orberforming the convolution directly, the computation time
of whether echoes are valid underdense meteors. y

can be reduced significantly by taking the inverse Fourier
transform of the product of (1), the “echo spectrum” (the
2.1 |mp|ementati0n of the Fresnel transform Fourier transform OE(Z‘)), and F(f)’ the “Weighting spec-
trum” (the Fourier transform of'(¢)), in accordance with
The nature ofE(¢) in Eq. (1) is somewhat different to that the convolution theorem of Fourier theory (e.g. Bracewell,
of F(t); while the former is dependent on the sampling pa-1986). The rate at which the weighting function should be
rameters of the radar and contains a finite amount of in-sampled in the time domain for successful spectral domain
formation, the latter is an analytical expression that can beanalysis is now considered.
described with infinite resolution. By noting that(z) is Using typical meteoroid and radar characteristics, a
made up of complex components whose amplitudes vary aseighting function can be simulated and Fourier trans-
cog(vt/0)?) and sir((vt/o0)?), it becomes apparent that its formed. An example of the amplitude and (unwrapped)
frequency increases with time. However, becatige need  phase of the resulting weighting spectrum is shown in Fig. 1.
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Fresnel transform, 10000 Hz
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Fig. 2. (a) Simulated meteor echo arti) it's Fresnel transform for a 31 MHz radar and meteoroid speed of 40kmsnge 100 km,
sampling time 0.0001 s, and time-series duration 2 s. The labels “head” and “foot” indicate the positions of the head and foot, respectively, of
the transformed echdc) shows the transform produced when the initial time-series is resampled at 0.0025 s, illustrating overlapping echoes.
(d) shows the transform produced by using weighting function oversampling.

The amplitude of the weighting spectrum is constant at the For a temporal sampling interval @, it can be shown
center of the spectrum, and abruptly drops to zert Aax that F (¢) will become aliased at

(as per Eqg. 3). The phase difference between adjacent fre-
quency bins of the weighting spectrum is closertmear
the center of the spectrum, and slowly reduces until reach-
ing zero atfmax.

7'[0'2

Ve 4

Talias =
The effect of applying the Fresnel transform using sampling
parameters that produce aliasing is illustrated in Fig. 2c,
In order to illustrate the Fresnel transform we have usedwhere the sampling frequency is reduced to 400Hz. This
simulated meteor echo time-series generated using Fresnehows the transform produces repeating and overlapping
diffraction theory, as described by Cervera et al. (1997). Thisechoes, making it difficult to obtain any useful informa-
simulated echo includes the effects of meteoroid speed, echtion from the transform. For a typical all-sky interferomet-
decay, wind drift, and an initial radius factor. An example of ric meteor radar operating at 31 MHz, the most common
a simulated meteor echo and its Fresnel transfsiim for echo range isRp=150km. Assuming the standard effec-
a PRF of 10kHz are shown in Fig. 2. An oscillation of in- tive sampling time ofAr=9ms and a meteoroid speed of
creasing frequency (due to Fresnel diffraction) can be seed0kms™, 14as=0.02's, which is comparable with the small-
superimposed on the signal in Fig. 2a. The transformed echest decay times measurable by such systems. As such, alias-
in Fig. 2b shows no Fresnel oscillations in either the ampli-ing of the weighting functiorF (r) would occur for nearly all
tude or phase, with the amplitude exhibiting a rapid rise andechoes collected using the standard sampling parameters of
an exponential decay. The definition of the “head” and “foot” the BPMR.
of the transformed echo are illustrated for use in subsequent Special procedures can be applied to avoid this kind of
discussion. aliasing (e.g. Elford, 2004). The most effective procedure
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found in the current study involves using the analyti- 3 Fresnel transform meteoroid speed estimation
cal expression forF(r) to simulate the weighting func-
tion that would be obtained in the absence of alias-Estimating meteoroid speeds using the Fresnel transform
ing. This involves determining the “oversampling factor” involves calculating the transform for various meteoroid
M=rnd(talias/ At+0.5), required to increase the rate at which speeds and determining which speed produces “optimum”
the weighting function is sampled such that it is unaliasedresults. Elford (2004) lists a number of selection criteria for
for the radar sampling parameters being used (where “rnd'determination of the optimum transform; the greatest slope
represents a function that rounds to the nearest integer). Anf the leading edge, a well-defined foot at the commence-
oversampled weighting function with the same duration asment of the head, and the minimization of any oscillatory
the echo time-series but with temporal sampling intervalbehavior subsequent to the head. These criteria were inves-
At/M is then produced, and the associated weighting spectigated in the current study, in addition to a number of other
trum is determined. The middle/Mth of the oversampled criteria, including finding the speed producing the maximum
weighting spectrum is unaliased. Extracting this weightingdifference in the amplitude of the transformed echo between
spectrum subset effectively removes the effects of aliasingsamples\f Ar apart. Of these criteria, the “slope” technique
from the weighting spectrum. An example of the transform was found to produce the most reliable results for high SNR.
obtained when the product of the weighting spectrum and thé{owever, the performance of the slope technique deteriorates
echo spectrum are inverse Fourier transformed is shown imapidly at low SNR since it is very dependent upon the end
Fig. 2d. This transform no longer shows overlapping echoespoints used for the linear fit. This can lead to discontinuities
but shows a number of evenly spaced spikes immediately bein the slope versus speed variation, making determination of
fore and after the echo head at the points where the heads difie optimal speed difficult. The maximum difference tech-
the oversampled echoes were observed. However, these artlique produces best results at low SNR as it does not require
facts are less evident in the presence of noise, and have littldetermination of end points. However, the optimal value of
effect on subsequent processing of the transformed data. M depends on the sharpness of the rise time of the transform,
Although the spectral based method of computing thewhich depends on the size of the transmitting antenna (e.g.
Fresnel transform considerably speeds up the processing, Elford, 2004), the meteoroid speed, and the effective sam-
was recognized that a further speed improvement would bepling time. A further procedure that has been used to improve
advantageous for on-line analysis. It was decided to investithe speed estimation is to increase the number of time sam-
gate an approach that avoids the repeated computation of thgles by a factotv by linearly interpolating between samples
weighting spectrum by producing a model weighting spec-of the meteor echo time-series. This has proven especially
trum which could be stored in a look up table and interpo- useful for echoes obtained with low effective sampling times
lated as appropriate. Such an approach is possible as the efthen used with the maximum difference criterion.
fect of varying the meteoroid speed, and radar sampling The maximum difference criterion was deemed optimal,
parametersN, At and R, is merely to scale the spectrum in and is used for determination of all meteoroid speeds pre-
amplitude and frequency. The model spectrum has been cakented in this paper, and is implemented as follows. The
culated by selecting an appropriate number of samples (an8resnel transform is applied at speed intervals of 1¥ms
hence frequency binsymogder and then choosing model pa- At each speed, the transformed echo is normalized, and the
rameters such tha¥imodelAfmode=talias We then define the  minimum number of sample¥, required to produce a nor-
scale paramete¥=vN At /o, which has the valu8moegel for malized amplitude difference of 0.6 is recorded. The value of
the model parameters. For a different set of parameters, th@.6 was chosen to allow for the fact that the maximum ampli-
relevant weighting spectrum can then be determined by scaltude of the transformed echo may occur after the head of the
ing the model spectrum frequency by the facftSmodel transformed echo, while the minimum amplitude at the foot
and multiplying the phase b§/Smodet Because the phase of the echo will necessarily exceed zero due to the presence
difference between adjacent frequency bins of the weight-of noise. The minimum value @iy over all speeds is chosen
ing spectrum is close te about the center of the spectrum, as the value oM for application of the maximum difference
it is necessary that the phase of the model spectrum is ureriterion. The Fresnel transform is re-applied at speed inter-
wrapped, and that double precision arithmetic is used. Thevals of 1 kms?, yielding the maximum difference as a func-
processing time can be further reduced by setting the weighttion of meteoroid speed)(v). The speedmax Yielding the
ing spectrum amplitude to/2 within &+ fmax, and zero out-  maximum value oD (v), Dmax, IS then found, and the speeds
side. In this case, the scaling only needs to be applied to the; of all local maximaD; are found. An initial speed esti-
unwrapped model phase. This has little discernible effect ormate is made if ® Dmay>D; for all v outsidev+5kms 1.
the transformed echo time-series, and has been adopted fdihe 5kms* window is used since an echo can sometimes
all application of the Fresnel transform presented hereafter. produce two closely related optimal speeds, presumably due
to meteoroid deceleration (e.g. Elford, 2004). This process
is then repeated at progressively smaller speed intervals (and
speed ranges) of 0.5 (10), 0.2 (5), and 0.1 (3) khsentered

www.ann-geophys.net/25/385/2007/ Ann. Geophys., 25, 385-398, 2007
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on the speed estimated for the previous speed interval, to im- The accuracy of the meteoroid speed estimation tech-
prove the accuracy of the speed estimate. nigues is compared using simulated data. The accuracy is

compared using the RMS error, defined as (e.g. Bendat and
3.1 Comparison of meteoroid speed estimation techniquesPiersol, 1986)

Elford (2004) claims the Fresnel transform is capable of esti-RMS = V5,2 — (5 — vmoge)? (5)
m_atmg metearoid speeds from trarjsvers_e echo_obse_rvatlonﬁhereﬁ ando, are the mean and standard deviation of the
with unprecedented accuracy. To investigate this claim, the

X . speed estimates, anghogel is the model input speed. This
Fresnel transform technique has been compared with threSefinition includes the effects of measurement bias and error.

existing techniques. The “pre-t0” technique (e.g. Cervera et The RMS errors for an echo with meteoroid speed of

al., 1997) uses the phase-series prior to the orthogonal "0kms? and decay time 0.26s, sampled at a range of
flection point (i.e. the “t0 point”) to determine the distance 50 km with a PRE of 2 kHz .are éhown in Fig. 3. The re-

alqng the tr_a|l of e_ach sample, and thus the me_teor0|d SPE€LuIts vindicate the claims of Elford (2004) regarding the ac-
This technique yielded successful speed estimates for ap-

. i curacy of Fresnel transform speed estimation technique, and
proximately 75% of echoes collected using the BPST radar, firm th Its of B | 20043). Th i
The “rise-time” technique (e.g. Baggaley et al., 1997) use confirm the results of Baggaley and Grant (2004a). The spec

. Sral technique obtains accurate estimates down to the lowest
the time between the start and peak of the meteor echo. Th NRs. However, while the Fresnel transform is successful in

spectral” technique (€.g. Hocking, 2000) uses the Combme.obtaining speed estimates for all SNRs, the number of esti-

spectra of the pre- and post-t0 complex time-series data. Thig, o< 114 e by the spectral technique decreases rapidly with
latter technique yields successful speed estimates for approxg

imately 10% of echoes collected using an all-sky interfero- ecreasing SNR at low SNR due to rejection by the afore-
: =y 0 cd using yi mentioned single peak criterion. The RMS error of the pre-t0
metric meteor radar (e.g. Hocking, 2000).

Mol : f the * 0" techni . h and the rise-time techniques are the largest, despite the echo
mp ementatlo_n O.t N pre-t technique requires p asesmoothing used. A significant contribution to the RMS error
unwrapping, which is achieved as follows. Starting from

he t0-Doi d king backwards. the ph i b is due to the increasing underestimation (overestimation) of
the t0-point and working backwards, the phase difierence beg, . pre-t0 (rise-time) speed estimates with decreasing SNR.

tween the current and previous sample is determined. If thel.he underestimation of the pre-t0 technique at low SNRs

phahse difference exlceeds tf:je ph;se %f_r?" sam_ples prior is consistent with the BPST results of Campbell and Elford
to the current sample are reduced by. ZThe starting sam- (2006), while the overestimation of the rise-time is consis-

ple fpr meteoroid speed estimatio.n applied in this paper is[ nt with the AMOR results of Baggaley and Grant (2004a).
the first sample where the phase difference of the UNWrappegq accuracy of the pre-t0 and rise time techniques at low
phase sequence exceedi2, and the last sample is the 10 SNR could also possibly be improved by the implementation

po.int. A speed estimate is made qnly if at least thrge Sampleaf suitable acceptance criteria. However, we were unable to
exist. Although the “pre-t0” technique can be applied at low find suitable criteria for the implementation of the pre-t0 and

PRFs (e.g. Grant, 2003), the number of points used in the fifiso ime techniques implemented in this study. Further, it

is reduced, increasing the uncertainty in the speed estimatgnay be possible that a more sophisticated phase unwrapping

The “spectral” technique is implemented using a simpler apP-4qori ; -
; X X gorithm may improve the accuracy of the pre-t0 technique
proach to Hocking (2000), which avoids the use of spectralCompared with the results of the current study.

search techniques and different calibration constants for dif- It is important to note that the performance illustrated in

fer_ent ipefds.b'll'\lhe pr(T_- agdppqst(;to spectrum ||:S CaICUIat?F—iig. 3 is unlikely to be achieved in practice, since meteoroid
using the Lomb Normalized Periodogram (e.g,. ress .et.a‘fragmentation will resultin radar echoes rarely exhibiting the
1986)’5 an—d the resulting pe'c_lk frequency oﬁsgt IS muInphedsame behavior as the simulated echoes used to derive these
by 0.8 ”R.O)‘/Z (fe.g. Hocklng,.ZOOO) to pbtaln the speed. results. However, we note that application of the Fresnel
A speed est_|mate |s_only made if the dominant spectral pealfransform to simulated echoes obtained using a meteoroid
has a magnitude twice that of all other spectral peaks. speed of 80 kil yields RMS errors less than@kms™L, or

As the spectral technique is limited by aliasing iSSues, ;o4 in agreement with the accuracy quoted by Elford (2004).
comparisons of the pre-t0, rise-time, spectral and Fresnel

transform speed determinations are made using high PRF$.2 The effect of range errors on meteoroid speed estima-

and small meteoroid speeds. Since the pre-t0 and rise-time  tjon

techniques are determined using echo phase and amplitude,

respectively, the echo is smoothed using a five sample boxcaks the Fresnel transform is a function oy, the accuracy

filter prior to applying these techniques. This smoothing of the Fresnel transform speed estimate is dependent upon

significantly improves the speed estimates obtained for lowange and wavelength, in addition to the meteoroid speed.

SNRs. However, it can affect the estimation accuracy forThe accuracy of the Fresnel transform speed estimates shown

meteoroid speed greater than 60 krhs in Fig. 3 could therefore arguably be more thoroughly ex-
pressed in terms of /o. Thus for any particular radar, the
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Fig. 3. (a) RMS error in speeds ar{th) number of speed estimates obtained using the Fresnel Transform (solid line), spectral (dash-dotted
line), pre-t0 (dashed line), and rise-time (dash-triple dotted line) techniques for a 31 MHz radar operating at PRF 2 kHz and producing an
echo with range 150 km, meteoroid speed 30#mand decay time of 0.26s. The dotted line indicates the 0.2% errors for a speed of
30kms™1, indicating the expected speed error due to range errors. Note that the number of speed estimates are not shown for the pre-t0 an
rise-time techniques since speed estimates were available for all data.

accuracy of the Fresnel transform speed estimate is deper8.3 Effect of decay time, time-series duration and radar fre-
dent uporw/+/Ry, indicating that the RMS speed errors de- quency on meteoroid speed estimation

crease with increasing range. For instance, the RMS errors

shown in Fig. 3 are reduced by factors of 0.866, 0.77 and 0.7iThe effects of decay time, time-series duration and radar
for echoes detected at 200, 250 and 300 km, respectively. firequency on Fresnel transform meteoroid speed estimation
follows that in addition to the RMS errors presented above,have been evaluated. It was found that the decay time and
an additional contribution to the RMS error can result due totime-series duration have negligible effect on the speed esti-

errors in the range estimate. The erroniav/o duetorange ~ Mation. This suggests that the post-t0 samples do not con-
errors is tribute to the sharp rise seen from the foot to the head of

the Fresnel transformed echo used for meteoroid speed esti-
(6) mation. Since the time required to perform the transform is

2r proportional to the data duration, it also suggests the trans-
For typical meteor radars, range is sampled at intervals oform only need be applied to a short segment of data around
AR, and the echo range is assumed to be the range whetde peak amplitude of the meteor echo.
the meteor echo maximizes. In this case, range errors are Investigation of the effect of radar frequency upon Fresnel
uniformly distributed betwees:AR/2, and the RMS range transform meteoroid speed estimation suggests the accuracy
error is therefore ®77AR/2. For the typical BPMR range of the speed estimate increases with decreasing frequency.
sampling interval ofAR=1.8km, the RMS range error is This is consistent with the fact that speed errors are depen-
0.52 km. For an echo range of 150 km, the resulting per-dent onv/o (or v/+/A, at any particular range), and therefore
centage error i is approximately @%. The 02% errors  should decrease with decreasing frequency (increasing wave-
for a speed of 30 kms' are shown in Fig. 3. This suggests length). This is consistent with the fact that pre-t0 rise time
that range errors will be the largest contributor to the RMSincreases with decreasing frequency, increasing the number
errors of Fresnel transform speed estimates for low-speedyf usable samples in the transform, therefore increasing the
high-SNR echoes. accuracy of speed estimation.

alAr
Aa =
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—~ Meteor echo amplitude 4.1 Decay time and radial drift speed estimation

- T T T T T T

§ 1'0: One of the motivations for investigating the Fresnel trans-
= 0.8F ] form was to assess whether improved decay time and ra-
E i 1 dial drift speed estimation could be made on removing the
= 06F _ Fresnel oscillations from the meteor echo time-series. In-
":% L 1 vestigations using simulated data with a PRF of 440 Hz and
= 04Ff . 4 coherent integrations suggest the decay times and radial
< i 1 drift speeds estimated from the meteor echoes and their trans-
_5:’ 0.2 b forms are almost identical. The results also suggest that the
= 0.0k 1 decay times and radial drift speeds estimated from the trans-
<5 ;0 15-0.10-0.05 0.00 0.05 © ‘m 0.15 020 form obtained using an “incorrect” speed are estimated as

accurately as those obtained using the correct speed, except
when the incorrect speed used is around 10kh sThis
can be understood by the fact that the “underlying” decay

Fig. 4. Meteor echoes obtained for a PRF of 110 Hz (solid line) andtime and radial drift speeds of the transformed echo are in-
a PRF of 440 Hz with 4 extra coherent integrations (dashed line) us- P

ing a 31 MHz radar sampling an echo with range 150 km, meteoroiddependent Of th? spged used. Using an Incorrectlspeed in-
speed 40 kmis!, and decay time 0.04s. troduces oscillations into the transform echo, and increases

the risetime. The rise time and magnitude of the oscillations
increase with increasing difference between the actual and
transformed speed.

Time (s)

4 Fresnel transform meteoroid speed estimation for low

effective PRFs _— . . .
5 Application of Fresnel transform using high effective

PRF experimental data

The aforementioned simulation technique has been used to

investigate the Fresnel Transform speed estimation for typi-/ '€ Fresnel transform has been applied to high effective

cal sampling parameters, such as those used on the BPMFE.RF, echoes collected using two all-sky meteor interfero-
To achieve this, we simulate an echo obtained at a PRF of"€t"lC radars located at ‘]u“uerUh (62N, 134°E), Ger-
440 Hz and perform 4 coherent integrations. This approacf@ny. and Andenes (6% N, 16.0° E), Norway (e.g. Singer

is used in preference to simulating an echo with a PRF ofSt @l 2004). These radars are similar to the BPMR, but

110 Hz since the Fresnel Transform primarily uses the preYS€ different instrumentation, analysis, and operating param-
2001). They operate at 32.5 MHz,

t0 data, and coherent integration suppresses the pre-t0 eclfJers (e.g. Hocking et al., 5 ) ,
amplitude, as shown in Fig. 4. The amplitude suppression in-and use a PRF O,f 2144 Hz with 2 coherent mtggrauons to
creases with meteoroid speed since the phase difference bBreduce an effective PRF of 1072Hz. The Juliusruh data
tween contiguous samples increases with meteoroid speed. \{ere collected between 02:53 and 03:53 UTC 18 Novem-

is therefore important that coherent integration is included inPe" 1999, around the peak time of the 1999 Leonid me-
the simulations. teor shower (e.g. Singer et al.,, 2000). The Andenes data

were collected between 10:38 and 11:08 UTC 19 Novem-

The RMS errors and number of successful speed estimatdser 2002, around the peak time of the 2002 Leonid meteor
for an echo with decay time 0.26 s, sampled at a range oBhower. Figure 6 shows the Fresnel transform meteoroid
150 km with a PRF of 440 Hz and 4 coherent integrations forspeed estimates. The Fresnel transform produces successful
various meteoroid speeds are shown in Fig. 5. The largestpeed estimates for 88% and 79% of echoes for the Julius-
RMS speed estimate suggest that meteoroid speeds can beh and Andenes datasets, respectively, a significantly higher
estimated to an accuracy of better than 3kfmsBoth the  percentage than that obtained for the online (pre-t0 tech-
accuracy of the meteoroid speeds and the number of successique) analysis (10%). Further, the Fresnel transform shows
ful estimates decreases with increasing speed. For the lowest significantly larger number of high speed estimates com-
SNR (12 dB) the percentage of successful estimates drops tpared to the online analysis (W. Singer, private communica-
35%. It is worth noting that the RMS errors do not drop be-tion). Leonid candidates have been determined using great
low 0.02 kms ! for speeds between 10 kmmisand 30 kms?®. circle radiant mapping (e.g. Morton and Jones, 1982; Reid
This is the result of the speed estimates being distributedet al., 2006), by finding all echoes whose great circles pass
around a number of discrete values for low input speeds. Thishrough a right ascension/declination (RA/DEC) window of
effect has not been investigated in any detail since in prac2° about the accepted Leonid radiants(@b2, 22°) for
tice the RMS values are comparable to those expected due tt999, and(153, 21°) for 2002. Figure 6 shows mete-
range errors as discussed in the previous section. oroid speed estimates for all echoes identified as Leonid
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Fig. 5. (a) RMS error in speeds ar(th) number of speed estimates made using the Fresnel Transform for a PRF of 440 Hz with 4 coherent
integrations for a 31 MHz radar sampling an echo with range 150 km and decay time of 0.26 s for various different meteoroid speeds:
10kms™1 (fine solid line), 20 kms? (dotted line), 30 kms?! (dashed line), 40 kms! (dot-dashed line), 50 ki (triple dot-dashed line),

and 60 kms? (long dashed line), 70 ki (thick dashed line) and 80 km# (thick solid line).

candidates. The mean and standard deviation of the speed 1999
distributions for Juliusruh and Andenes are%90.7 kms™1 :
and 691+1.3kms™1, revealing very good agreement with .

3 |
the theoretical pre-atmospheric entrance speed of Leonidg 15; |
shower meteoroids (71km$). The fact that the observed & 10

|
o 11 ¢ Fﬂﬂﬁ \
40 60

speeds are slightly less than the accepted pre—atmospheriés 50
value may be a consequence of the “height ceiling effect” 0 E‘a) ‘
(e.g. Steel and Elford, 1999), which is inherent to specular 0 20 80
meteor radar observations such as those described in this pa- Meteoroid speed (km/s)
per. Since higher speed echoes such as the Leonids occur at

greater heights, the height ceiling effect may result in the de- 2002

tection of only lower height Leonids echoes, which would be
expected to have suffered severe deceleration. Deceleration,

3 | E

may also explain the extended tail of the speed distribution. & 15 g E

g 100 | E

Z 50 |

6 Application of the Fresnel transform using low PRF Ok b) 0 non omad | 3
40 60 8

experimental data 0 20 0
Meteoroid speed (km/s)

The Fresnel transform has been applied to five days of data

collected using th_e BPMR (35’.138 E) .Wlth the standard Fig. 6. Examples of meteoroid speeds estimated using all echoes
PRF of 440 Hz with 4 coherent integrations. The results are, in right ascension (RA) and declination (DEC) withi2® of

shown in Fig. 7. The technique provides speed eSt'mateﬁwe accepted Leonid radia¢it53°, 22°) using all-sky interferomet-

for 55% of the height resolvable underdense echoes idenyic meteor radars located ) Juliusruh, Germany, 1999, arfd)
tified. The speed distribution illustrated in Fig. 7a, shows andenes, Norway, 2002. The dashed line indicates the theoreti-
excellent agreement with other measurements of sporadi€al pre-atmospheric entrance speed of Leonid shower meteoroids
meteor distributions (e.g. Cervera et al., 1997; Taylor and(71kms?).

Elford, 1998). The presence of meteoroids with speeds be-

low 11kms! (the escape speed of the earth) is an effect

www.ann-geophys.net/25/385/2007/ Ann. Geophys., 25, 385-398, 2007



394 D. A. Holdsworth et al.: Meteoroid speed estimation

Meteoroid speed histogram M . )
‘ ‘ ‘ ‘ ‘ O eteoroid speed Vs Local time
2000 b E 80 :;
1500 7 < [ 60 <
; X g
E 1000t ] o 40 =
5
Z - 40 ié
500 - 1 % 20 R0 =
[ Z.
. 3 Olb) L 0
Il Il Il Il Il q)
0 20 40 60 80 = 4:00 12:0_0 20:00
Meteoroid speed (kms™) Local time
Meteoroid speed Vs Height Meteoroid speed Vs Range
110F ‘ ‘ ‘ ‘ E r ‘ ‘ ‘ ‘
| @100 5 250 ] >
—_ 1 b - [ 30 %
g 100F 1 B8o0 & g [ g
A -4 o ~ 200 § o
~ 60 o ~ r .:" 20 o
E 90k 7] . ) [ o ~
&0 40 g %ﬂ 150 - = 1 g
S 80: : g 3 S S 10 £
= 20 3 100, = ] Z
701.¢) ildo d) 0
0 20 40 60 80 0 20 40 60 80
Meteoroid speed (kms™) Meteoroid speed (kms™)

Fig. 7. Meteoroid speed estimates obtained using the BP meteor radar between 15th and 19th of Januéay tEe@gram of meteoroid
speeds(b) image density plot of meteoroid speeds vs. local tifagimage density plot of meteoroid speeds vs. hei@fitimage density
plot of meteoroid speeds vs. range.

of severe deceleration at low heights, while the few mete-the rise time of the transformed echo is reduced significantly
oroids with speeds in excess of 72 kmhgthe limit required  if the echo is indeed an underdense meteor echo. On the
to be in a bound heliocentric orbit) may indicate the detec-other hand, if an echo is not an underdense meteor echo the
tion of interstellar particles. The speed versus height distransformed echo will not rise abruptly. Thus the use of the
tribution, illustrated in Fig. 7b, shows the expected increaseFresnel transform allows better discrimination of underdense
with height (e.g. McKinley, 1961; Hocking, 2000) at least meteor echoes. Further, the rejection criteria used for mete-
below 50 kms®. The speed versus local time distribution il- oroid speed estimation appears to be a useful means of re-
lustrated in Fig. 7c shows higher speeds in the early morningecting non meteor echoes.

hours, as expected (e.g. McKinley, 1961). Scatter plots of the decay times and radial drift speeds es-

The BPMR online analysis uses a number of acceptancéimated from the meteor echo time-seriég) and its trans-
criteria to verify whether an echo is a valid underdense meform at the estimated speed are shown in Fig. 8. These re-
teor echo (e.g. Holdsworth et al., 2004). The error codesults suggest that the parameters estimated ffémand its
statistics obtained on applying the BPMR online analysistransform are very similar, as suggested in Sect. 3.4. The
to the meteor echo and it's transform reveal that use of thditting procedures used to estimate these parameters are ap-
transformed echo increases the number of echoes acceptedpiged from 15ms after the echo peak to reduce the influ-
valid underdense echoes by 2%. This increase results almosihce of Fresnel diffraction effects (e.g. Holdsworth et al.,
entirely from a reduction in the number of echoes rejected by2004). Since the transformed echoes effectively have Fres-
criterion 8: echo decay time less than twice rise time. Thisnel diffraction effects removed, it follows that the fitting
criterion is used to reject ionospheric and aircraft echoes, aprocedures are successful in reducing the influence of Fres-
well as meteor head echoes with little apparent trail echonel diffraction effects when applied to the untransformed
The reduction in the occurrence of this criterion 8 is becauseechoes. The decay times show significantly greater scatter
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Fig. 8. Scatter plots ofa) decay times an¢b) radial drift speeds obtained using meteor echoes (y-axis) and their Fresnel transform (x-axis).
The correlation is shown at the top of each plot.

than the radial drift velocities, indicating that the measure- . 100 ‘
ment errors of the decay times can be significant. Itisim- § 75 ! q
portant to recognize this fact in assessing the variationinde-£ 50 ! B
cay times observed in decay times versus height scatter-plotgz 25 a) ﬂ 7
(e.g. Holdsworth et al., 2004; Hocking, 2004), and the use of 0 S ‘
decay times for temperatures estimation (e.g. Hocking, 1999; 0 10 20 30 40 50 60
Holdsworth et al., 2006). Meteoroid speed (kms™)

Fresnel transform speed estimation has been applied to 105 F | ]
data collected using 33.2MHz meteor radars installed at gL 1 il R >
Davis (686° S, 780° E), Antarctica, and Darwin (12° S, - l -5
131.0° E), Australia. These radars are identical to the BPMR, E 951 | 7 g
except for the use of linearly polarized folded dipole an- : 90 ] 10 5
tennas on reception at Davis. Figure 9 shows speed esti< )
mates obtained using the Davis meteor radar from 19:00 andg’ 85| ] é
24:00 UTC, 27 July 2005, during the Southern delta-Aquarid /= - 0 5
shower (339, —16°). Southern delta-Aquarid candidates 80 | ] z
are identified by finding all echoes whose great circles pass 75 ;b) ‘ ‘ ‘ ! ‘ 1o
through the RA/DEC window (33%2°, —16°+2°). A ref- 0 10 20 30 40 50 80
erence subset of sporadic meteors are also identified by find- Meteoroid speed (kms™)

ing all echoes whose great circles pass through the RA/DEC

window (349+2°, —16°+2%), which differs from the South- Fig. 9. Results of the application of Fresnel transform speed estima-

em c(ije::g-Aquand bra(jlar:jt bbyd.%_fo Flg_ure r?ahshows the btion to meteor echoes identified as Southern delta-Aquarid shower
speed histogram obtained by differencing the histograms o meteors using the radiant mapping procedure for data collected by

tained for the Southern delta-Aquarid and sporadic meteorsy,e pavis meteor radar on 27 July 20@8) speed distribution(b)

This approach attempts to remove sporadic meteors from thepeed versus height distribution. The dashed line indicates the the-
speed distribution. Figur@b shows the speed versus height oretical pre-atmospheric entrance speed of Southern delta-Aquarid
distribution for all Southern delta-Aquarid candidates. The shower meteoroids (41 kms).

extended tail of the speed distribution towards smaller speeds

is indicative of meteoroid deceleration, as is the speed de-

crease with decreasing height (e.g. Cervera et al., 1997). The
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5 150 Table 1. Results of the application of Fresnel transform speed esti-
2 100} : 7 mation to high speed meteor showers for low effective PRF.
% 50 - | A
Z 0 a) . } L Site/Shower/Year Estimated speed  Accepted speed
~1 —1
0 10 20 30 40 50 60 (kms™) (kms™)
Meteoroid speed (kms™) Juliusruh, Leonids, 1999 66+8.3 71
Andenes, Leonids, 2002 66-9.4 71
105F \ T8 20 Davis, eta-Aquarids, 2006 66+10.3 66
F } ] Darwin, Orionids, 2006 65+9.8 67
100 ! . B
_ r | =
g E 1§15 @
5 99 g
= 90 7 i 1010 & Although the speed versus height extrapolation allows the
-%‘0 85E ! ] % accurate estimation of the pre-atmospheric meteoroid en-
= ; | 5 = trance speed of the Southern delta-Aquarid and Geminid me-
80 ¢ | ] z. teor showers for the BPMR sampling parameters, this is not
-5 ibi) “““ L at R L illo the case for some higher speed showers. The Davis meteor

radar was able to identify the eta-Aquarid meteor shower
(RA 338, DEC —1°, speed 66 kms!) on 5 May 2005,
while the Darwin meteor radar was able to identify the Ori-

. o onid shower (RA 162 DEC 37, speed 67 kmst) on 22
Fig. 10. Results of the application of Fresnel transform speed eS_October 2006. In both cases, the speed versus height plots
timation to meteor echoes identified as Geminid shower meteor ) '

?not shown) show appreciable scatter, prohibiting estimation

using the radiant mapping procedure for data collected by the Dar . . .
win meteor radar on 15 December 2008) speed distribution(p) of the pre-atmospheric meteoroid entrance speed using the

speed versus height distribution. The dashed line indicates the thesP€€d versus height extrapolation technique. For these show-

oretical pre-atmospheric entrance speed of Geminid shower mete€rs, the speed and uncertainty can only be estimated using
oroids (35 kms1). the mean and standard deviation of the speed distributions.

The speed and uncertainty estimates for the eta-Aquarid and

Orionid showers are shown in Table 1, in addition to the esti-
latter observation allows the pre-atmospheric meteoroid enmates obtained by applying a further 8 coherent integrations
trance speed to be determined by extrapolating the speed vefo the Leonids data presented in Sect. 5 in order to repli-
sus height distribution shown in Fig. 9b to the maximum ab- cate the BPMR sampling parameters. These results suggest
lation height (e.g. Cervera et al., 1997). This is achieved usthe speed estimates for all four showers are underestimated.
ing a linear fit to the speed versus height distribution, yield- This may be a consequence of the height ceiling effect, which
ing a entry speed of 47:+2.3kms ™, in excellent agreement may result in the detection of only the lower height shower
with the accepted speed of the shower (41kfs echoes which would be expected to have suffered severe de-

Figure 10 shows speed estimates obtained using the Dageleration. Additionally, meteoroid decceleration would also

win meteor radar from 00:00 and 24:00 UTC, 15 De- pe expected lead to an overestimate of the speed uncertainty.
cember 2005, during the Geminid meteor shower {112 Despite the speed underestimation, the accepted speed esti-
+33). Geminid candidates are identified by finding all mates fall within the estimated speed and uncertainty bounds.
echoes whose great circles pass through the RA/DEC winHowever, the large uncertainty estimates clearly indicate that
dow (112+2°, +33+2°). A reference subset of spo- accurate shower speed estimation is reliant on the ability to
radic meteors are also identified by finding all echoes whoseypply the speed versus height extrapolation technique.

great circles pass through the RA/DEC window (122°, Thus although Figs suggests the BPMR sampling param-
+337£2°), which differs from the Geminid radiant by 10 o405 should yield accurate meteor speeds up to 80krtise
Figure 10a shows the speed histogram obtained by differency,,yijity 1o accurately estimate the speed of the eta-Aquarid
ing the histograms obtained for the Geminid and sporadlc(66 kms1), Orionid (67kms?) and Leonid (71 kms?)
meteors, while Fig. 9b shows the speed versus height distrig,\vers suggests there is a practical upper limit for accu-
bution for all Geminid candidates. These results show simi- 44 speed estimation using the BPMR parameters. Due to
lar characteristics to those observed for the Southern deltay, o imited data set available we can only deduce that this
Aquarid shower in Fig. 9. The resultingl pre-atmospheric init myst lie between 41 kms and 66 kms . We therefore
meteoroid er!trance speed is.341.2kms ™, in excellent make a conservative estimate that the practical upper speed
agreement with the accepted speed of 35Kks limit for accurate speed estimation for the BPMR sampling

parameters is around 50 krtis

0 10 20 30 40 50 60
Meteoroid speed (kms™)
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7 Discussion One feature of the Fresnel transform that has not been ex-
amined in this study is it's ability to estimate speeds for over-
The Fresnel transform is able to provide speed estimates foflense echoes (e.qg. Elford, 2004). The Fresnel transform has
55% of BPMR echoes. This is a significantly larger per- peen applied to a small number of selected overdense BPMR
centage than the quoted percentage (10%) for the spectralchoes, achieving results similar to those presented by Elford
technique applied using a similar all-sky interferometric me- (2004). As the on-line analysis discriminates only between
teor radar to the BPMR (e.g. Hocking, 2000). This is de- underdense and “non-underdense” echoes (e.g. overdense
spite the fact that the spectral technique was applied usingchoes, non-specular meteor echoes, sporadic-E, and aircraft
a considerably higher effective PRF (512 Hz) than used byechoes), we have yet to evaluate the speed estimates for over-
the BPMR (110 Hz), which should increase the relative es-dense echoes. Further analysis acceptance criteria are cur-

timation percentage of the spectral technique. Further, theently being evaluated to isolate overdense echoes for such
Fresnel Transform technique is able to successfully detergn evaluation.

mine speeds for high speed echoes, while the spectral tech-

nigue is limited by aliasing problems. Although the Fresnel

transform percentage is comparable to the quoted percentage Conclusions

(75%) for the pre-t0 technique applied using the BPST radar

(e.g. Cerveraet al., 1997), it is difficult to meaningfully com- The application of the Fresnel Transform to radio meteor data
pare these percentages due to the significant differences (e.§as been investigated. A spectral based technique has been
p0|ar diagram' transmission frequency) between the BPMmeVGlODEd that enables the transform to be used as an on-
and BPST radars. However, the BPST results were obtaineline application. Comparison of the meteoroid speeds deter-
using a considerably higher effective PRF (1024 Hz) thanmined using the Fresnel transform and alternative techniques
used by the BPMR, which should increase the relative esleveals the Fresnel transform produces the most accurate me-
timation percentage of the pre-t0 technique. Further, oncdeoroid speed estimates for high effective PRFs. Application
the greater accuracy of the Fresnel transform technique ilf the transform using the standard sampling parameters for
lustrated in Fig. 3 is considered, it is clear that the Fresnethe Buckland Park meteor radar (effective PRF 110 Hz) sug-
transform technique appears to be the most desirable tectests the technique can successfully estimate meteor speeds
nique for meteoroid speed estimation. accurately up to at least 50 kmisat low effective PRFs.

Optimal implementation of the spectral and pre-t0 tech- _
niques for the BPMR would require increasing the I:,RFA(:knovvledgements. The authors wish to thank Laurence Campbell

and/or reducing the number of coherent integrations WhiChand Manuel Cervera for useful discussions. The work described
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