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Introduction

Set goal:
A continuous precise RF time and frequency transfer over optical fiber

Main issues that need to be addressed:

Trans - local O P T I C A L  F I B E R  C A B L E Rec - remote
10 MHz

1 pps

10 MHz

1 pps

A specialised system of  electronic-optic converteres is required

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 F = B – 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 nm: D = 17 ps / (nm ∙ km) and D/ T ± 4 𝑓𝑠 / (𝑛𝑚 ∙ 𝑘𝑚 ∙ 𝐾) = stability F, B is relevant)

5. Required specialised bi-directional optical amplifiers



Basic concepts of  RF TF transfer proposed by AGH
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Employing Electronic Delay Lines for delay stabilization

Courtesy of  AGH



F + F

B + B

ELSTAB – Electronic Delay Stabilized System

Electronic Variable
Delay Lines

Optical fiber subject
to change Delay

DBDF  

BF  

Stabilised 
propagation  

Delay
Possible calibration during 

operation of  the link

0+=+ BDBFDF 
Courtesy of  AGH



Coupled Electronic Delay Lines and obtained stability

Measured mismatch of the coupled delay lines1.3mm× 2mm custom designed electronic integrated circuit 
containing the coupled delay lines

observed residual
non-compensated
phase fluctuations:

<15 ps p-p

1 ps
10-17

Courtesy of  AGH

60 km link



Long fiber link instability with ELSTAB system

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

3 ps
10-17

615 km link

Courtesy of  AGH

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



A completed ELSTAB set

Local Module for 
transmission

Remote Module 
for reception

Bidirectional

Amplifiers
(every 60-80 km)



TDELAY = TRT /2 +

+ (A1 - B1 + A2 - B2)/2 + A

+ (A→B - B→A)/2 

Fiber delay stabilization idea – in details
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TDELAY = A1 + A→B + B1 + A

TRT = A1 + A→B + B1 + B2 + B→A + A2 = const.

phase 
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TDELAY = A1 + A→B + B1 + A
TRT = A1 + A→B + B1 + B2 + B→A + A2 + A

Forward Backward

TDELAY  Forward  Backward

Courtesy of  AGH



Sources of  fiber link asymmetry - L

TDELAY = TRT/2 + → „round-trip” delay – stabilized and known

+ (A1 - B1 + A2 - B2)/2 + A → terminals asymmetry (T), constant and known

+ (A→B - B→A)/2 → link (fiber) asymmetry (L), dependent on the fiber

length, wavelengths and lasers used

Δ𝜏𝐿 =
4𝜔𝐴

𝑐2
+ 𝐿𝐷𝑉 𝐿 + 𝐷 ⋅ 𝐿 ⋅ Δ𝜆𝐴 𝐵

Sagnac
effect

chromatic
dispersion

fiber
birefringence(A→B - B→A) =

Courtesy of  AGH

Note: The last term is the most significant.



Sagnac effect
  

AE 

O 

Illustration of the AE 

component in the formula for 

Sagnac correction
(red curve – examplary fiber route)

- area of equatorial projection of the 

Surface swept by the vector extending

from the center of Earth and moving

along the fiber link

- rotation speed of Earth

- speed of light in vacuum

Δ𝜏𝑆𝑎𝑔𝑛𝑎𝑐 = ±2 ⋅ 𝜔 ⋅ 𝐴𝐸/𝑐
2



EA

c

- sign ‘+’ applied for the movement in East 

direction, sign ‘-’ for the West direction


𝜟𝝉𝑺𝒂𝒈𝒏𝒂𝒄_𝑹𝒐𝒖𝒏𝒅𝑻𝒓𝒊𝒑 = ±
𝟒𝝎𝑨𝑬
𝒄𝟐

(A→B - B→A) =
Note: For Round Trip, 

asymmetry of Sagnac

correction is a doubled value
of correction in one direction

Max value =

<5 ns/1000 km 
(along the equator)



Birefringence effect (Polarisation Mode Dispersion)

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.

𝜟𝝉𝑷𝑴𝑫 = 𝐿𝐷𝑉 𝐿

LDV - Link Design Value quoted by fiber manufactures

(typicaly: from 0.02 ps / km-1/2 to 0.08 ps / km-1/2)

L – Length of fiber link (in km)

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

https://fibercore.humaneticsgroup.com/

Slightly Eliptical Core

(picture exaggerated for illustration)



𝜟𝝉𝑪𝑫 = D ∙ 𝐿 ∙ Δ𝜆𝐴 𝐵

𝜟𝝉𝑪𝑫 = 𝜟𝝉𝑴
𝜟𝝀𝑨 𝑩

𝜟𝝀𝑴

B A

M

AB

0 - +Determination ∆𝝉𝑪𝑫 with ELSTAB:
• temporarly open the feedback loop

• change one laser wavelength by a known value ∆𝝀𝑴
• measure related round − trip delay change ∆𝜏𝑀

Chromatic dispersion
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D – Chromatic Dispersion (c. 17 ps / (km· nm) at 1550 nm)

L – Length of fiber link (in km)

𝜟𝝀𝑨 𝑩 – Lasers wavelength difference between forward

and backward directions (typ. 0.8 nm for ELSTAB)

Note: This is an extra method offered by ELSTAB.Courtesy of  AGH



Examplary uncertainty budget for ELSTAB link

GUM-AOS 420 km link

Chromatic dispersion

Sagnac effect

TIC – measurement
with SR620

Birefrigence effect

Hardware delay

U  0.22 ns

( ) HBFIBFFIBREFINRETREFOUTIN 
2

1

2

1

2

1
__ +−++= →→→

Calibration of  propagation delay dominated by TIC uncertainty.



Examplary uncertainty budget for ELSTAB link

A possible improvement with better TIC

U  31 ps

Output signals 1 pps/ 10 MHz – can be advanced with ps resolution.



ELSTAB = Calibration available on request

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

TIC



ELSTAB – the main features

1. Stability – Adev ~10-17@1day, TDev ~1 ps

2. Calibration of  propagation delay –

measured at Local Module outputs and 

available on request.

3. Output signals 1 pps/ 10 MHz – can be 

advanced (reduced link delay) with ps

resolution (phase of  1 pps v. 10 MHz 

fixed).

4. Chromatic dispersion – can be measured

at Local Module outputs.

5. Excelent mismatching delay lines –

better than 15 ps peak-to-peak

6. New options are incoming

– Dispersion Insensitive, 

ToDay transmission



UTC(PL) dissemination via optical fiber: ELSTAB links

<0.5 ns
timing accuracy

v. UTC(PL)

First steps in 2006, 
first ELSTAB link in 2012



Examplary on-line results for ELSTAB link

https://optime.org.pl/node/47

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