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A continuous precise RF time and frequency transfer over optical fiber
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A specialised system of electronic-optic converteres is required

Main issues that need to be addressed:
1. Unknown and variable propagation delay — daily and seasonal changes
(required returning the signal or employment another system for calibration)
2. Forward and backward transmission in pair of fibers in telecom network
(asymmetry of the length of fibers - preferred single fiber tranmission)

3. Forward and backward transmission in the same fiber requires different optical wavelengths
(if AF = AB — mutual interference, backward scaterring, reflections = increased noise and false detections)

4. Chromatic dispersion (D) dependent on: wavelength, length of fiber and temperature
(e.g.at 1550 nim: D =17 ps/(nm - km) and oD/ dT £ 4 fs| (nm - km - K) = stability AF, AB is relevant)
5. Required specialised bi-directional optical amplifiers
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Basic concepts of RF TF transfer proposed by AGH IIHI_‘ Central

Employing Electronic Delay Lines for delay stabilization
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ELSTAB - Electronic Delay Stabilized System
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Coupled Electronic Delay Lines and obtained stability Central
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1.3mmx 2mm custom designed electronic integrated circuit Measured mismatch of the coupled delay lines
containing the coupled delay lines
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Long fiber link instability with ELSTAB system
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615 km link
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Averaging time (s)

Instability in 615-km-long fiber link (with 11 bi-directional amplifiers) in 2016
(observed residual non-compensated 30 ps p-p phase fluctuations)

Note: Now, phase fluctuations are independent of the length of the link and do not exceed 15 ps p-p.




A completed ELSTAB set Central
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Fiber delay stabilization idea - in details Central
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Sources of fiber link asymmetry - AT, IIII“_‘ Central

Toeray = Trr/2 + — ,round-trip” delay — stabilized and known
+ (Tay - Tgr ¥ Tas - Tgo)/2 + 1, — terminals asymmetry (A1), constant and known
+ (T, .5 - Tpa)/2 — link (fiber) asymmetry (Ar,), dependent on the fibe

length, wavelengths and lasers used

Sagnac fiber chromatic

(TA—>B B TB—)A) = / effect  / birefringence / dispersion

mm m AT, = 4;”;1 + LDVVI +@- AA@

AGH Note: The last term is the most significant.
Courtesy of AGH




Sagnac effect
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ATsagnac = £2 - w - Ag/c?

()| - rotation speed of Earth

along the fiber link

C - speed of light in vacuum

\_

AE - area of equatorial projection of the
Surface swept by the vector extending
from the center of Earth and moving

+ - sign ‘+’ applied for the movement in East
direction, sign ‘-’ for the West direction
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Max value =
<5 ns/1000 km
(along the equator)

Illustration of the A,
component in the formula for

Sagnac correction
(red curve - examplary fiber route)

(TA—>B - TB—)A) ~

Note: For Round Trip,
4wA E asymmetry of Sagnac

Atg, gnac_RoundTrip —

2 correction is a doubled value
C of correction in one direction
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Birefringence effect (Polarisation Mode Dispersion) Uﬂ]l_‘ Central

The birefringence of the fibre is caused by some residual ellipticity of the core of
the fibre resulting from manufacturing imperfections, the strain affecting the
fibre, etc, and results in a dependence of the speed of the propagating optical

wave on its state of polarization.

Slightly Eliptical Core

(picture exaggerated for illustration) FAST axis

Atpyp = LDVAL

— Elliptical Core

/ SLOW axis

S Silica Claddi
LDV - Link Design Value quoted by fiber manufactures il

(typicaly: from 0.02 ps / km!/2to 0.08 ps / km-1/2)
L - Length of fiber link (in km)

https.//fibercore.humaneticsgroup.com/

Note: Typically, negligibly small (less than 1-2 ps)



https://iopscience.iop.org/article/10.1088
Dispersion (ps/km.nm)

/1742-6596/2426/1/012026/pdf
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ATCD =D-L- AAAHB

D - Chromatic Dispersion (c. 17 ps / (km' nm) at 1550 nm)

L - Length of fiber link (in km)

1
(63}

AA4sp - Lasers wavelength difference between forward

1300

1400

1500

1600

Wavelength (nm)

1700

and backward directions (typ. 0.8 nm for ELSTAB)

Determination At.p with ELSTAB:
temporarly open the feedback loop !
change one laser wavelength by a known value A4, ] .
measure related round — trip delay change Aty

|

Courtesy of AGH

Note: This is an extra method offered by ELSTAB.



Examplary uncertainty budget for ELSTAB link Central
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determi_ned estimate sensi_ti}fity standa_rd unce_rtail_1ty
quantity coefficient uncertainty contribution

1 Ture(pry>rer® 42017 ns 1 100 ps 100 ps } TIC - measurement
2 Teepoper® 409394473ns 05 100 ps 50 ps with SR620
3 7,,® 2.950 ns 0.5 19 ps 9.5ps <«€&— Chromatic dispersion
4 7,© -1.686 ns 0.5 5 ps 25ps <& — Sagnac effect
g T, @ 0 ns 0.5 1.2 ps 0.6 ps <€ Birefrigence effect
6 Ty © 26.565 ns 0.5 8.8 ps 44ps €&

Ture(riysour 2 047 406.45ns  complex uncertainty:  112.3 ps U~ 0.22 ns

Calibration of propagation delay dominated by TIC uncertainty.

1 1 1
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Examplary uncertainty budget for ELSTAB link Izﬂl—‘ Central

A possible improvement with better TIC

determined : sensitivity standard uncertainty
quantity estimate coefficient uncertainty contribution
1 Tyreipr)srer @ 1159.682 ns 1 10 ps 10 ps
2 Tpprorer Y 4217 484.702 ns 0.5 10 ps 5 ps
3 7., ® 2.834 ns 0.5 19 ps 9.5 ps
4 7, -1.686 ns 0.5 5 ps 2.5 ps
5 7, 0 ns 05 1.2 ps 0.6 ps
6 Ty © 47.76 ns 0.5 8.8 ps 4.4 ps
Tore(rrisour 2109926487 ns  total uncertainty: 15.5ps U~ 31 ps

Output signals 1 pps/ 10 MHz - can be advanced with ps resolution.
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ELSTAB = Calibration available on request IIHI_‘ Central
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Propagation delay of the link can be measured during operation

the link at Local Module outputs (with Time Interval Counter, High
Speed Oscilloscope) — between PPS REF OUT and PPS RET OUT



ELSTAB - the main features IIH“_‘ Central
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Stability - Adev ~10-""@1day, TDev ~1 ps

Calibration of propagation delay -
measured at Local Module outputs and
available on request.

Output signals 1 pps/ 10 MHz - can be
advanced (reduced link delay) with ps
resolution (phase of 1 pps v. 10 MHz
fixed).

Chromatic dispersion — can be measured
at Local Module outputs.

Excelent mismatching delay lines -
better than 15 ps peak-to-peak
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Examplary on-line results for ELSTAB link |
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nanoseconds

Real-time measurements, UTC(AOS) - UTC(PL) - Borowiec near Poznan- Warsaw glass fibre link (420 km)

o Data sent to BIPM since 2012 on daily basis (AOS directory)
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