Time-of-Flight Positioning Enables Quantified Uncertainties and Easier Deployments for Meteor Radar

* Helps reveal the structure and dynamics of the MLT.
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NN\ 120 kem BACKGROUND SUMMARY Intgrferometry has d.rgwbacks thgt makes d.ep.loygr;ent, operation, and analysis difficult, including
omi N tedious set-up and difficult to derive uncertainties.®
Thermos"hereloo M Specular meteor radar (SMR) remains one of the few tools able to This work explores an alternate time-of-flight (TOF) position solution that avoids interferometry’s problems while requiring
M S\ densely sample the mesosphere/lower thermosphere (MLT, 70-120 few system changes. Using only 4+ range measurements, TOF positioning enables easier SMR instrument deployments and
SN - T\ - km).] scientific analysis; this makes large-scale meteor radar networks more viable, which provide detailled mesoscale
50 mi PR < SMR systems reflect radar waves off the plasma trails left by observations of the MLT and its dynamics.
Vs, M h abla.tmg meteors. .. , , This poster detalls the technique’s development, focusing its precision and general feasibility.
om | eSOSphere . En\{lronmental charaf:terlsths at the trail’s location are | v Key considerations include: RX
estimated by comparing th? signal sent to the echo received. l. Precision: Measurement errors are estimated and propagated Array
T SS SSSS E SSS * Asingle tra?smlt—recelve link can record 1,000+ meteor echoes through to the final position solution. . -~
, 40 krm every hour. : 2. Required system changes: increased spacing between antennas a8

> B

reduce positional uncertainties.

SMRs currently use interferometry to determine the locations of 3. Consistent spatial sampling: Each TX-RX measurement should \
meteor echoes. Utilizing a precisely placed array of transmitting measure the same region of atmosphere. " 1.8 km
(TX) antennas, a receiver (RX) measures the relative phase of the Simulations show that TOF positioning provides a calibration-free alternative to interferometry, achieving < 1km vertical
. ‘s Troposphere : . ' e . a3t cre s .. : : . . : . e :
| reflected signals to infer the echo’s direction.> positioning accuracy for the vast majority of observations and meeting the precision required for scientific analysis.

CONVENTIONAL POSITION SOLUTION A sound from behind

43
arrives at both ears , . , - _ | f has d back
simultaneously Overview of an interferometric position solution: nterrerometry has drawbacks

1. Each TX antenna transmits a unique signal.
2. Each signal arrives at the meteor trail using
slightly different pathlengths.
. Signals bounce off the meteor trail towards RX

1.0

Analogy: You locate
sounds by comparing the
time of arrival to your ears
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Using an array of antennas, differences
In signals’ phase are used to determine

the direction to the meteor A sound from your
right arrives at your
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These drawbacks make
deployment, operation, and
analysis difficult.

3 ,.
right ear first 4. The RX measures each signal's relative delay |

by measuring their phase. Figure taken from [8]

5. Math is used to find the direction of arrival Tios oo -iop s ibe i03 o do7 o106 o105 -os 103 oz
that best fits the signals’ delays. » Arrays must be precisely placed

Each point in the sky will have a unique set of | Req.ui.res tedious c.exlilc.)ration t9 ensure accu.rate comparisons of phase®
ohase delays « Positional uncertainties are difficult to derive’
* Interferometry fails for low SNR echoes, and these observations are discarded
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Uses an array of 5+ antennas®

* Array geometry Is precisely known

« Each antenna sends unique signal
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TIME-OF-FLIGHT (TOF) POSITION SOLUTION Adapting TOF Positioning for Meteor Radar A meteor trail's reflection point is estimated via iterative linearized least squares:

Global Navigation Satellite Systems (GNSS) estimate position using

, / , ; : Ty = [x5, V5, Zg |- linearization point I R o i B v il
4+ range measurements from satellites with known locations® Each measurement constrains reflection o [ij ij zRJ']' RX locations « . o] T m—eh] =] ] et | ]
> 1range measurement constrains point to an ellipsoid™ X R N T
- 'rp = [x,y",2z"]: TX locations T et Tt
position to 3 Sphere * Focl at TX, RX R — Y . . : N B . [r§—x7| |r3—rRJ.| |1‘3—r1:| [rg "]
5 2 measurements — circle . Major axis = bistatic range *G: geometry matrix, relating TX/RX/r® locations to bistatic range
» 3 measurements = 2 points Using =, RX,, , and RX,: Each range measurement has uncertainty:
» 4 range measurements — 1 point! || 3 1 pijstatic range measurement 5 = \/202 + 202, + o2 =8.99 m (typical)
More measurements give more constrains position to an eIIIpSOId P clk pos AT .
precision > 2 measurements — ellipse 0. = 3 m: TX/RX clock instability™

» 3 measurements = 2 points Q@ opos =1 m: TX/RX positional uncertainty

TOF positioning solves many

oroblems > 4 range measurements — 1 point! Y oA = 7.8 m: median correlation error®!
 Provides easily derived A larger array footprint provides o _
uncertainties more geometric diversityin -~ - _— Unéér tainties are 8= (G G) 0B = 0p - \/H1,
« Robust at low SNRs measurements for a more precise L casily propagated: Otot = 0p*/H11 +Hea+Hss  on=o0,-/Hap
* No user calibration required TOF position solution - ' Thoriz = 0p * v/ H1,1 + Ha oy = 0, - \/Hs3
A smaller array footprint ensures Investigati28 tk?r? ;:r?:n%eiairmgfeercmar oint A Monte Carlo simulation is used to U[g' (;co%rdti_nate Sneertainy (OU)E?tatitS'ticS 8 kmFarr?cy dia;ncc)al’cc)er) ithoy< 1Kk
: : : y estimate positional uncertainties fora | 10? gy LISTHDULION ; du Vs. EIEVation [ESe > WIth Gy i
consistent spatial sampling ) , | 100
representative population of meteors < aol
: I Ht Tkm . . - oy ot
Problem: o 1 2 3 Km! Scientific analyses require <1km of ¢ £ 60
1 " " "~ . . 7} nmo_J: 0 4 [
Eac.:h RX has sll.ghtly different reflection \~~S~NR [dB] o uncertainty in the “up” direction? = 10° ~ 0
point along trail . 'Max A in spec. pt: \ ~~‘~~~ /// * Most observations >30° elevation S 10—1;_ V: 20'_
; greakls T%Effssumptlons A A Along tr.: 17.1 km N meet this requirement K | 2 |
amples different parts of wind fie AN: 5.3 k - o Lot ~2  —————— —
P P AU: 7.2 km 50 Uncertainties get larger at low +0 0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Solution: 40 km array is too large! | elevation angles Elevation [ ] Elevation [ °]
: : U Correlation Smearing, De-Biasin : : : : :
Ensure change in reflection pointis small i - . Range uncertainty due to correlation (o,,) is estimated for long meteor trails
» Max change = rax i Szeparatmn * Range is estimated via correlation-derived time delay T 1
All RX should a0 F | : * A point-like object provides a sharp correlation function for small Oat = e |5 T..,C/N,
should overlap Fresnel zones Unbissed Cor correlation uncertainty ( ) \

* Region that reflects >90% power

* ~0.7 km on either side of reflection point

* Overlapping Fresnel zones mean similar
spatial sampling

TX Autocorr.
TX Pulse

« A long meteor trail smears and biases the correlation function towards positive ranges (green)
 The smeared correlation function is de-biased by accounting for the coherent reflection along
—a S e — the entire trail (red)

25 —GCOrr—e?ationODelay3[km] 6  g,, depends on chip duration (T,), carrier-to-noise ratio (C/N,), and coherent integration time (T, ).2"
Having all RX within 1.8 km ensures significant Fresnel zone overlap
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Normalized Amplitude

Fresnel Overlap Statistics (1.8 km array diameter) CONCLUSIONS A time-of-flight position solution locates a meteor trail’s FUTURE WORK Contact &
100 Overlap Distribution Elevation vs. Overlap Range vs. Overlap sp?cl::llar ﬁomt f:.f re:Iefhtlon usmtg Tul(’glplde rrpg: :cneasur:cements. This shows promise as Next gteps to §h9w TOF's V|ab|I|.ty: Poforonces
OZ ol - | a viable alternative to the current standard of interferometry. . Verify d.e—blas.mg by performing .
© ke i « TOF solution requires physically larger arrays, but no other system changes correlations with real data. @m@
0 60! ”ﬁg., o * No calibration required, making instrument deployment easier L Bearile efeets af e X ‘u:,J_",.—-!
° al W? » Easily derived uncertainties help scientific analyses weight each measurement assumed TX/RX positions. 'é,":'."'{th'%?:f
E 40| .w » For most observations, TOF precision meets science requirements . Validate in an experimental G _\"l; .!..1..?
i 50!  TOF's robustness at low SNR mean fewer observations are discarded campaign to directly compare rﬁﬁ&" 3
= TOF allows larger networks to be more easily deployed and analyzed, enabling dense  jnterferometric and TOF : 'EE. 5
= 0 5505 210 200 a0 56 G0 710 60 @6 TG S0 S mesoscale observations of the MLT. Alternatively, TOF could be used in conjunction with 55| tions.

Elevation [°] Range [km] interferometry to aid calibration and reduce ambiguities of low-SNR observations.
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