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Clock recovery

* Main challenge in satellite-based QKD:

frequency drift due to Doppler shift + high loss

* Typical values for LEO satellites:

— Doppler shift 2e-5, chirp 4e-7 / s
— 40-60 dB loss

/\‘ @Satellite
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Clock recovery \‘I |
] 1,

* Main challenge in satellite-based QKD:
frequency drift due to Doppler shift + high loss

* Typical values for LEO satellites:
— Doppler shift 2e-5, chirp 4e-7 / s

— 40-60 dB loss
_ Doppler shift and chir _
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Clock recovery \‘I |
) 11,

* Less interfaces = better
* Don’t rely on classical communication
* Do sync in the quantum channel
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Clock recovery \‘I |
) 1,

Less interfaces = better
* Don’t rely on classical communication
* Do syncin the quantum channel
 We need bright pulses for the phase lock
anyway [1]
* — use them for the clock recovery in addition!

MAX PLANCK INSTITUTE 1] Bastian Hacker et al 2023 |EAU Eldg s tat

FOR THE SCIENCE OF LIGHT New J. PhyS 25 113007



Clock recovery \‘I |
il

Intensity I|| | |

A
|||IIIIIIIII|||IIIIIIIII

e Losses

* Doppler shift + chirp due to satellite orbit
@ *  Weak signals
* Single photon detector = no intensity information,

only timestamps
* Which sent states do the received ones belong to?

4

» t_sender

o [ o o [ o
» t_receiver
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Clock recovery \‘I |
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e Losses

* Doppler shift + chirp due to satellite orbit
@ * Weak signals
* Single photon detector = no intensity information,

only timestamps
* Which sent states do the received ones belong to?

4

» t_sender

o [ o o [ o
» t_receiver
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Clock recovery

* Measurements and output:

-
123 1

1 00016 Ref 40
45691 3 2 56778 Sig 123 QPS
150816 4 2 97561 Sig 380
280692 2 4 08912 Ref 160
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Clock recovery \‘I |
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* Frame? Index? Type?

Intensity

Time
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Clock recovery \‘I |
1 P

* Frame? Index? Type?

Intensity

\ ] Time
Y

Frame (kHz rate)
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Clock recovery \‘I |
1 P

* Frame? Index? Type?

A

Intensity

Time

‘ v ) Index from O to ~500k
Frame (kHz rate)
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Clock recovery \‘I |
1 P

* Frame? Index? Type?

A

Intensity

IR TR TR
> Ti y
! v ' “Index from 0 to ~500k —y— me
Frame (kHz rate) Reference _ !
(MHz rate) ~ Signal
(GHz rate)
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Clock recovery \‘I |
il

 Why do we need t within symbol?

 Quantum pulses have different temporal
distribution than dark counts = time window

Quantum Signals Accumulated Interferlng
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Clock recovery \‘I |
o 1

 What we want to do:
e Relative sync: frequencies!
 Determine exact signal rate
e Absolute sync: offsets!
* Frame number? ~200 ps
* |Index of quantum pulse? ~400 ps

* Where is the “middle” of a quantum pulse?
~10 ps
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Relative sync \‘I |

* How to proceed?
* GHz signal rate

* Timing requirement - < 1 s time to recover
clock = work on ~t;,+4; = 100 ms blocks

* With reference pulses: < 1 kCounts/block
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Relative sync \‘I |

* Required period accuracy AT?
 Period T

o - offset after sifting block < T

« = offset after one period: &K T - T /t;ptai
* PerperiodT: AT < 1 fs

* Translated into frequency:

AT
AF=?-F<1OHZ
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Clock recovery \‘I |
1l

+ FFT? A
* tiotqr = 100 ms: ~1e9 entries

« FFTing a 10° array with all Os except for
few k 1s?

MAX PLANCK INSTITUTE E Erlled:';lch l'-‘:llexat:\dzr-Universit
FOR THE SCIENCE OF LIGHT



Clock recovery \‘I |
il

+ FFT? A
* tiotqr = 100 ms: ~1e9 entries

« FFTing a 10° array with all Os except for
few k 1s7?

>>> np.fft.fft(np.zeros(int(1e9),dtype=np.uint8))
Traceback (most recent call last):
File "<stdin>", line 1, in <module>
File "< _function__ internals>", line 200, in fft
File "C:\ProgramData\anaconda3\Lib\site-packages\numpy\fft\_pocketfft.py", line 215, in fft

output = _r

.-n_h line 78, in _r'al-"l'_'l:'l:t

MemoryError



Relative sync \‘I |

* FFT? A
* Frequency already known to some degree,

no need to check every frequency from O to
1/T with Hz resolution!

* Arrays too long / computation too slow
* = Epoch folding!
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What is epoch folding?

 Rosenberg et al., 1975

* Astrophysics

 Recent renaissance within
the QKD context

* BayernQSat internal
documentation, 2021

[1] Spiess and
Steinlechner, 2023

[2] Zahidy et al., 2023

letters tol nature

Observations of a transient X-ray
source with a period of 104 s

Received June 13; accepted July 18, 1975,
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An epoch-folding analysis vields the best estimate for the
period of 104.14 4 0.16 s (15). Figure 3 shows the observed
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What is epoch folding?

Expected period Ty ess:

* For each timestamp ¢,
gett % Ty e and
sort into histogram

Repeat for several Ty 55

* Histogram with highest
variance belongs to
correct period
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An epoch-folding analysis vields the best estimate for the
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What is epoch folding?
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What is epoch folding?
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What is epoch folding?

0 1 2 3 4

< — ® ® .F 0 ® ® 0
Y t
T7?
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What is epoch folding?

0 1 2 3 4
= > ® ® .F O ® ® O
Y t
T?
4@ o
3|e @
2p e o
1 ) )
Ole e @

MAX PLANCK INSTITUTE |: Erlled;lch AIexander-Uni vvvvv itat
FOR THE SCIENCE OF LIGHT



What is epoch folding?

T7?

2P
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What is epoch folding?

T7?
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What is epoch folding?

—-@ @ @ @ @ @ @ @ @ @ O O >
T, > t
T2 > >
T3 < >
I I, T3
) 2] )
c c <
> > >
@) @) @)
O O O
0 T|me T2 0 Tlme T3
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What is epoch folding? \‘I

-0 O O O O O O O O O O @, >
T, > t
TZ < >
T3 < >
T, T, Ty
[72) [72) (2}
c c €
-} > -}
@] (@] (@]
O O O
0 T|me T2 0 Tlme T3
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What is epoch folding? \‘I |
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-0 O O O O O O O O O O @, >
T, > t
TZ < >
T3 < >
T, T, Ty
[72) [72) (2}
c c €
-} > -}
@] (@] (@]
O O O
0 T|me T2 0 Tlme T3

|
How many bins?
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How many bins? \‘I |

o Guess temporal signal distribution
« - in period T, how long is the signal phase a*T?

Intensity

I I
0 T t

a*T

« Use 2/a bins
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How many bins? \‘I |

.,||. ||| R
eWhy 2/a bins and not 1/a?

T_guess=T T_guess =T, T guess = T+T2 * a/t_total)
offset by 2 bin

—
d
N

[T
Mt
FHT

t total

Final
histogram

MAX PLANCK INSTITUTE I: Erlledr(';ch -Alexander-Universi
FOR THE SCIENCE OF LIGHT

32




Frequency spacing [

o Bandwith of variance?

Tguess = T Touess = T +aT -

ttotal

|| N | I
| I— N I

. . il

Final II
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Frequency spacing \‘I |

TZ

o Period array resolution at least a -
Ltotal

« = this is also the highest accuracy one can
achieve with limited t;,;4; (= “FWHM”)

o Exact ratio between var(T,y;rect) and
var(Tyrong) depends on dark and background

counts (=noise) n,., amount of clicks ng and the
temporal shape of the signal.
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Finding frequencies \‘I |

.,||. ||| R
e Start with low frequencies (frame rate), work
forward to high frequencies (signal rate)

Frame rate m Reiap;:Ise m Signal rate
5 kHz 125 MHz 2.5 GHz

Integer factors between them! - allows to use
all recorded data without adding artifacts

MAX PLANCK INSTITUTE | Eldg hA' ersitat
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Finding frequencies

e Start with low frequencies (frame rate), work
forward to high frequencies (signal rate)

* Higher frequencies
are integral
multiples of the
lower ones

MAX PLANCK INSTITUTE
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Bright reference pulses

Finding frame rate /
]
120 1751 Quantum pulses

0.0 1

0 200 400 600 800 1000

t (0-200s)
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Finding frequencies \‘I |

.,||. ||| R
e Start with low frequencies (frame rate), work
forward to high frequencies (signal rate)

Early ref pulse

’ ngher frequencies Finding ref pulse rate / Late ref pulse
are integral ]
multiples of the -
lower ones v
= 3.
L ! oy | |
T rem f‘lo-SOnl‘;
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Finding frequencies \‘I |

.,||. ||| R
e Start with low frequencies (frame rate), work
forward to high frequencies (signal rate)

* Higher frequencies Finding signal rate e p/e 3 Side peaks
are integral i W)
multiples of the R /
lower ones v ’
g 50 -

le—6+2.5

F (GHz) t (0-400ps)
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Failure probability

« How does epoch folding perform with low count
rates and high noise 2> QKD?

« 2 Monte Carlo simulations

o As expected: increasing signal to noise ratio or
measurement duration decreases failure

p ro ba bi | ity Failure probability (with side pulses) (%), 10 bins .
3.00
2.75
Quantum Signals Accumulated
v 2.50
_ ‘f B 8 2.25
= 05 ] —ch3
%06_5 —--ChOft E 2.00
5 Ch1iit S
z 0,47; \ ——-Ch2fit o 1.75
e —— S E——— 150
100 200 I I [p:]]l] 400 1 2 5
MAX PLANCK INSTITUTE 1.00
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Likelihood of failure \‘I |

e EQsy, just increase t; ¢, until failure
probility=0!

5. le=5 Doppler shift and chirp le=7 000
- — - ) E
21 g\\ = - —0.833 =
I 11 ~ 7 L —1.667 %
Iy NN ‘ | —2.500 &
W \ 7 e 5
3 -1 \ P - —3.333 &
=2 S —— | —4.167 8
3 00T

0:2:30 -0:1:40 -0:0:50 0:0:0 0:0:50 0:1:40 0:2:30
t

2aT
o Chirp Y1 (LEO orbit!) limits t;peq; <Jy:1‘20m5
o Luckily, strongest chirp during zenith = better
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Likelihood of failure \‘I |

_ Doppler shift and chir _
3L E. pp P le=7 o000 -
— - —_
21 A\ = - —0.833 =
[ ~ \ ,/ - —1.667 §
5 0 Y » - —2.500 =
M \ ﬂ.l
3 -1+ \ p - —3.333 &
=2 S — |} —4.167 3
—5.000 5

-3
0:2:30 -0:1:40 -0:0:50 0:0:0 0:0:50 0:1:40 0:2:30
t

2aT
o Chirp Y1 (LEO orbit!) limits t;peq; <Jy:1‘20ms
o Luckily, strongest chirp during zenith = better
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Removing chirp \‘I |

* Signal rate is time dependent

e Easy approach:
* divide recorded trace in subtraces

* Get signal rate fs per subtrace
¢ CUbiCﬁtl/fszao‘l‘al't‘Faz't2+a3't3

o= Y ik

k=1
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Removing chirp \‘I |

e Faster approach: get signal rate only once for
whole trace

* Then cut trace into subtraces, get histograms
with the signal rate calculated before

* Since frequency drifts slowly, Afis visible in a
phase offset for each subtrace
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subtrace

Hist 2d

2000 4000
t (ps)

offset

0

100
offset (ps)




Removing chirp \‘I |

AL/ [ —
* Now we can find a function for the temporal

offset (t)
* The doppler shift y(t) is then defined as
dod(t
. (t) - () t5=2tR ak/k!

* Now we can remove the chirp and find a single
signal rate for the complete recorded trace

 Relative synchronization v/
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Frame number decoding

 Relative synchronization v/
= Absolute sync?

2 Frame numbers, encoded in the reference
pulses via early/late

e 5k frames per second

e 158 reference pulses within frame every 80 ns
* First 127 pulses: PRBS sequence

e Last 31 pulses: frame number

MAX PLANCK INSTITUTE E Erlled:';lch AIexander-Universit
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Frame number decoding

QKD Protocol definition: Bright Reference Pulseg

79 chips 79 chips
(each with one pulse pair with relative phase 0) (each with one pulse pair with relative phase 1/2) 30 chips pause
10 chips pause (2.4p5)
(0.8ps) Chip 80ns Chip 80ns ‘>, H
(4 slots) (4 slots)
< > < >
Slot 20ns Slot 20ns
symbol symbol
(pulse pair) (pulse pair)
400ps 400ps
> <«
phase
2n
m
....... i n . . >
intensity1
Iref
single photon sescsse ....‘... o
level =

early and late slot
for time bin encoding
(127 chips for PRBS 7 and 31 chips
for frame number)

2. Frame Number PPM encoding:

80 ns chip

PN

o
*

4x 20 ns slots

J earlyslot:,,O”l late slot=,1“ J empty slot J empty slot J

L 4

&

l_'_l

Pulse position encoding (PPM) 20 ns

(only one of two slots occupied)

Bright reference block: 16 ps

* °

MAX PLANCK INSTITUTE
FOR THE SCIENCE OF LIGHT

T - 200 chips, 80ns each
108"[5 JL r "1‘” 2’:“’[51

L. 30 chips: pause
2 chips: single calibration pulses
31 chips: frame number
127 chips: PRBS7-signal for pattern recognition
10 chips: pause

—> Bit synchronization with satellite without
absolute time synchronization

Friedrich-Alexander-Universitat
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Find offsets!

* Find start of frame via PRBS correlation

MAX PLANCK INSTITUTE
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Histogram and PRBS sequence

T =200 ps Histogram
10 1
U.-
0 2500 5000 7500 10000 12500 15000 17500 20000
PRBS Sequence
1
0
-1

0 2500 5000 7500 10000 12500 15000 17500 20000

Correlation

250
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0 2500 5000 7500 10000 12500 15000 17500 20000




Find offsets!

* Find start of frame via PRBS correlation
= ~10 ns accuracy

Histogram and PRBS sequence (zoomed in)

Histogram
) -‘M
0 -
0 20 40 e0 80 100

PRBS Sequence

1-
—1 - : : . 1 T T

0 20 40 60 80 100

Correlation

250 A
0 A T
MAX PLANCK INSTITUTE  —2501 ] ] ] ] ]
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Find offsets!

* |ncrease accuracy with higher frequencies
e > ~1ns Early/ref pulse /Late ref pulse

Histo T=80ns

100 - \/ I/

0 50 100 150 200 250 300 350 400

Expected
1 .
0 -%J

0 50 100 150 200 250 300 350 400

Correlation

250 1
M
MAX PLANCK INSTITUTE W i | SRR ) S SO T will SUSSEES e
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Find offsets! \‘I |

* |ncrease accuracy with higher frequencies
* — ps accuracy

T =400 ps Histo
150 -
100 A
50 -
0 5 10 15 20 25 30 35 40
Expected
1 .
) {u—
_]_ - : : : : :
0 5 10 15 20 25 30 35 40
Correlation

0-

—1000
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Frame number decoding I

 Find offset with PRBS correlation )

* Decode information using monotonously
increasing bits

Detected photons per bit: 1

Received information Reconstructed information

2 MAX PLANCK INSTITUTE
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Frame number decoding I

 Find offset with PRBS correlation )

* Decode information using monotonously
increasing bits

Detected photons per bit: 0.5

Reconstructed information
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Frame number decoding I

 Find offset with PRBS correlation )

* Decode information using monotonously
increasing bits

Detected photons per bit: 0.1
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Frame number decoding I

 Find offset with PRBS correlation )

* Decode information using monotonously
increasing bits

Detected photons per bit: 0.01
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Frame number decoding I

 Find offset with PRBS correlation )

* Decode information using monotonously
increasing bits

Detected photons per bit: 0.005
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Frame number decoding I

 Find offset with PRBS correlation

* Decode information using monotonously
increasing bits

* Very robust, works with 0.01 received
photons per bit

Detected photons per bit: 0.001

Received information Reconstructed information

500

400

300

200

100
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Frame number decoding

 Find offset with PRBS correlation |

* Decode information using monotonously
increasing bits

* Very robust, works with 0.01 received
photons per bit Frame number reconstruction

100 ~

* Absolute sync v/

90 1

te (%)

80 1

success ra

70 1
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Summary

 Relative sync v/
Epoch folding

[Scientific publication in preparation]

Higher frequencies are integral multiples of
lower ones

* Absolute sync v
e Correlations and frame numbers
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Summary

 Relative sync v/
Epoch folding

[Scientific publication in preparation]

Higher frequencies are integral multiples of
lower ones

* Absolute sync v
e Correlations and frame numbers

W\

d-esa

With funding by the European
Space Agency and by the
European Comission
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