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Ultra High Energy particles

Credit: Juan Antonio Aguilar and Jamie Yang. IceCube/WIPAC
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Ultra High Energy particle flux

Credit: Particle Data Group

Large Area Experiments:

▶ Pierre Auger Observatory

▶ Giant Radio Array for
Neutrino Detection

Credit: Hans O. Klages
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Air Showers

From: https://opendata.auger.org/display.php?evid=172657447200
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Air Shower Radio Emission
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Credit: H. Schoorlemmer

Charge excess

Geomagnetic

[5]. arXiv: 1701.02995
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Radio Interferometry: Concept

Interferometry: Amplitude + Timing information of the E⃗ -field

ai

Si(t)

▶ Measure signal Si (t) at antenna a⃗i

▶ Calculate light travel time

∆i (x⃗) =
|x⃗−a⃗i |

c neff
▶ Sum waveforms accounting

for time delay

S(x⃗ , t) =
∑

Si (t +∆i (x⃗))
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Radio Interferometry: Image

[6]. arXiv: 2006.10348
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Timing in Air Shower Radio Detectors
Relative timing is important for Radio Interferometry.
(1ns@c ∼ 30cm)

Large inter-detector spacing (∼ 1km)
7→ Default timing mechanism: Global Navigation Satellite Systems

What is the accuracy of such systems?

@Auger: σt ≳ 10ns

[1]. arXiv: 1512.02216

Credit: H. Schoorlemmer
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Timing in Radio Detectors: Beacon Synchronisation

Relative timing is important for Radio Interferometry.

Default Timing mechanism: Global Navigation Satellite Systems
+Extra Timing mechanism: Beacon (Pulse, Sine)

Credit: H. Schoorlemmer
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Beacon Synchronisation: Geometry

Local antenna time t ′i due to time delay tdi , clock skew σi
and transmitter time ttx

t ′i = ttx + tdi + σi

1

2

td1

td2

Credit: H. Schoorlemmer

Measured time difference:

∆t ′12 = t ′1 − t ′2 = ∆td12 + σ12 + (ttx − ttx)
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Pulse Beacon
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Pulse Beacon
Correlation: similarity between two signals.
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Pulse Beacon Timing
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(Multi)Sine Beacon

Phase measurement φ′
i using Fourier Transform, k unknown:

t ′i =

[
φ′
i

2π
+ k

]
T
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(Multi)Sine Beacon Timing
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Beacon Synchronisation: Conclusion

Pulse
▶ discrete

▶ requires template

Sine
▶ continuous

▶ longer trace
7→ better SNR

▶ k period unknown
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Single Sine Synchronisation
k is discrete, lift the period degeneracy using the air shower
radiosignal

t ′i = (
φ′
i

2π
+ ni )T = Ai + Bi

An
te

nn
a 

1 A1
B1 = mT

An
te

nn
a 

2 A2
B2 = nT

0 25 50 75 100 125 150 175 200
Time [ns]

t t

∆t ′ij = (Aj + Bj)− (Ai + Bi ) + ∆t ′φ

= ∆Aij +∆t ′φ + kijT
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Single Sine Synchronisation Simulation

Air Shower simulation on a grid of 100x100 antennas.

▶ Add beacon (T ∼ 20ns)
to antenna

▶ Randomise clocks
(σ = 30ns)

▶ Measure phase with
DTFT

▶ Repair clocks for small
offsets

▶ Iteratively find best kij
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Single Sine Synchronisation: Iterative k0i -finding
“Interferometry” while allowing to shift by T = 1/fbeacon

Iterative process optimizing signal power:
Scan positions finding the best {k0i} set,
then evaluate on a grid near shower axis and zoom in.
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Single Sine Synchronisation: Timing Reparation
Phase reparation
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Single Sine Synchronisation: Comparison
True clock
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Conclusion and Outlook

▶ Cosmic Particles induce Extensive Air Showers

▶ Relative Timing is crucial to Radio Interferometry

▶ Pulse and Sine beacons can synchronise effectively

▶ Single Sine + Air Shower works

Outlook:

▶ Parasitic setups, i.e. the 67MHz in Auger,

▶ Self-calibration using pulsed beacon
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Single Sine Timing Result
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Single Sine Timing Result
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Airshower development

[7]. arXiv: 1607.08781
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Radio footprint; GRAND

Credit: [2]. arXiv: 1810.09994
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Radio Interferometry: Xmax Resolution vs Timing
Resolution

Credit: [6]. arXiv: 2006.10348
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Sine: Air Shower - Beacon
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Filter Response and Sampling
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Beacon: Pulse (single baseline)
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Beacon: Pulse (3 baselines)
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Beacon: Pulse (multi baseline)
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Beacon: Pulse (multi baseline)
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Beacon: Sine (single baseline)
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Beacon: Sine (3 baseline)
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Beacon: Sine (multi baseline reference antenna)
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Beacon: Sine (all baselines)
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DTFT vs DFT
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(Discrete) Fourier and Phase

u(t) = exp(i2πft + ϕt)
Fourier Transform−−−−−−−−−−−→ f ′, ϕf
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Phase reconstruction?
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Phase reconstruction?

What if sample rate “incorrect”?

→ Linear interpolation (fsignal, fmax, fsubmax, ϕmax and ϕsubmax)
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Phase reconstruction?

What if sample rate “incorrect”?

→ Linear interpolation (fsignal, fmax, fsubmax, ϕmax and ϕsubmax)
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Phase reconstruction?

What if sample rate “incorrect”?
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GNSS clock stability I

ADC

Filter-chains

Antennae

GRAND Digitizer Unit’s
ADC to antennae

Channel filterchain delay experiment
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GNSS filterchain delay experiment

Pulse
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GNSS clock stability II

GNSS stability experiment
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GNSS clock stability III
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Precision Time Protocol
▶ Time synchronisation over (long) distance between (multiple)

nodes
Master

time
Slave
time

Announce

Sync

Delay_Req

Follow_Up

Delay_Resp

Management

t
1

t
2

t
3

t
4

[3] Precision Time Protocol messages.
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White Rabbit

White Rabbit:

▶ SyncE (common oscillator)

▶ PTP (synchronisation)

Factors:

▶ device (∆txm, ∆rxs , ...)

▶ link (δms , ...)

master slave

fixed delays fixed delaysvariable delays

t1 t2

t3t4

δms

δsm

Δtxm

Δrxm Δtxs

Δrxs

Credit: [3] Credit: [3]
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White Rabbit Clock Reference

PPSin

GM Clock
(10 MHz)

FMC DIO
(125 MHz)

-200.0 -150.0 -100.0 -50.0 0.0 50.0
Time (ns)

PPSout

White Rabbit 27/30



References I

[1] A. Aab et al. ‘Nanosecond-level time synchronization of
autonomous radio detector stations for extensive air showers’.
In: JINST 11.01 (Jan. 2016), P01018. doi:
10.1088/1748-0221/11/01/P01018. arXiv: 1512.02216
[physics.ins-det].
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