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Precise Time Protocol: PTP

NB: NTP works almost the same way, but in this description the transmit timestamps T1 and T3 are softstamps measured by the inline code. 
Softstamps are subject to various queuing and processing delays. 

Based on exchange of timestamps through data 

telecommunications.

Emission (TX) and Reception (RX) timestamps are 

recorded at each site. 

PTP accounts for instrumental asymmetries.

- Round trip time:   

- Clock offset :        

- In case of asymmetry  :

                            

These data are used to discipline a local oscillator 

Outputs: a 1 pulse-per-second (PPS) signal, plus a 10 

MHz RF signal in some cases.

τrtt = (t2 − t1) − (t4 − t3)
tB − tA = (t2 − t1) + τMS

τMS ≠ τSM

time error =
τMS − τSM
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Hardware assisting is a crucial element in achieving shorter synchronization times.
Specialized hardware components, such as hardware timestamping counters in NICs,
capture the precise time when PTP messages are received and transmitted at the hardware
level. Hardware significantly reduces message processing latency by bypassing software
processing, providing a more-accurate measurement of message propagation delays. In
some hybrid implementations [29], the clock control loop, responsible for adjusting the
local clock’s frequency and phase, is offloaded to hardware. This hardware-based clock
control loop offers better determinism and lower jitter, enhancing the overall precision of
time synchronization.

While hardware handles timestamping and the clock control loop, the message pro-
cessing and PTP stack functions remain in the software. The software-based message
processing manages the exchange and handling of PTP messages.

In [31], an example of the PTP protocol implementation using a mixed solution was
presented. This design utilizes the freeRTOS operating system running on a Xilinx platform
and incorporates PTPd for specific functionalities. In this solution, the software-based
components in the application layer are responsible for handling specific PTP tasks, in-
cluding the BMC algorithm and packet processing. Meanwhile, the hardware layer com-
plements the software implementation with dedicated timestamping and real-time clock
management modules. Figure 5 shows how synchronization times improve when using
hardware assistance.
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Figure 5. Implementation choices to achieve better time synchronization [32].

Numerous research papers have documented the implementation of the PTP protocol
using hybrid-based approaches. In [33], an IEEE 1588 prototype on wireless LAN was
implemented using an Altera Excalibur embedded development board. This board includes
an ARM9 processor and a Programmable Logic Device (PLD).

Another example of a hardware-assisted implementation can be found in [34]. The
Nios microprocessor is employed to implement the PTP protocol stack using PTPd without
reliance on an operating system or network API. This approach showcases the direct
integration of PTPd within the Nios microprocessor architecture, enabling PTP functionality
to be executed without the overhead of an operating system. The absence of an operating
system and network API simplifies the design, reducing potential latency and enhancing
the efficiency of the PTP implementation.
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Results from test set-up using M1000 units • Test set-up: 

• Master M1000 unit transmitting PTP to a slave 
M1000

• 1PPS and NTP reference from UTC(NPL) unit 

• Two 50km fibre spools with long range SFPs.

1 PPS 
NTP

Master Slave

TIC

Courtesy E. Laier-English (NPL)

Precise Time Protocol: experimental results
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time interval counter.

This analog downconversion process can be converted into digital domain pre-
sented in Fig. 2.4 [54]. The flip flops replace the mixers in analog domain, and per-
form the sampling operation. A phase locked loop (PLL) is utilized to generate the
offset clock from one of the input signals. The frequency of the offset clock is very
close to the input signals and the flip flops sample the input signals with this off-
set clock, thus producing low frequency output signals. The deglitcher removes the
glitches and the phase difference between the input signals is measured as a time
interval by a time interval counter. The Digital DMTD provides good resolution
and linearity and can be easily implemented inside an FPGA with only one external
component - the oscillator for generating the offset frequency.

FIGURE 2.4: Schematic of a digital DMTD phase detector [54].

2.3 A typical White Rabbit Network

A typical White Rabbit network consists of White Rabbit switches and White Rab-
bit nodes interconnected by fiber or copper links supporting coexistence of regular
and timing data, as displayed in Fig. 2.5. It can be visualized into layers. A White
Rabbit network is hierarchical for synchronization with a tree topology, with the top
most layer consisting of the System timing master or the Grandmaster White Rabbit
Switch as it is referenced to external clock signals from an atomic clock or a GPS re-
ceiver. The second layer consists of Slave White Rabbit switches configured as a PTP
Boundary clock. And the last layer consists of the single port White Rabbit nodes
analogous to PTP ordinary clock. Each of the switches/nodes synchronize their lo-
cal oscillators to the reference timescale.

A White rabbit network is a standard Ethernet network for regular data follow-
ing a flat structure (whereas it is strictly hierarchical for timing data). Any node can
send and receive packets from other nodes.

28 Chapter 2. Introduction to White Rabbit Precision Time Protocol (WR-PTP)

FIGURE 2.6: A White Rabbit link delay scheme [54].

During the clock adjustment process,the local oscillator of the Slave is locked to
the recovered clock by the SoftPLL as depicted later in Fig. 2.16 and a variable delay
phases is introduced which allows a fine adjustment of the Slave oscillator’s phase.

The phases is the phase shift obtained from the clock offset computed from the
PTP message exchange and the precise measurement of phasemm. This process can
be described by two subparts: Initial synchronization which determines the clock
offset and phases followed by the Phase tracking process which maintains the syn-
chronization by tracking the phasemm and adjusts the phases accordingly.

The following subsections describe the different steps in detail for the White Rab-
bit syntonization and synchronization process.

2.4.1 Syntonization

The first step is the establishment of a syntonized White Rabbit link carried out by
Sync-E [54]. When the Slave is connected to the Master by a physical link (optical
fiber), the Master sends an Announce message in search of a WR Slave and the WR
Slave responds with a Slave_present message. If the Slave is not a WR device, then
the syntonization process is terminated. Once the Master identifies a WR Slave at
the other end of the link, it sends a Lock message and the Slave in response starts
the clock recovery PLL and responds with a Locked message. Thus both the Master
and the Slave clocks are at the same frequency but have different phases, so the
syntonization is followed by a precise synchronization process.

2.4.2 Link Delay measurement

The White Rabbit synchronization process is based on two types of delay measure-
ment for calculating the link delay as follows:

1. Coarse delay measurement

It is based on the two way message exchange mechanism of the PTP as de-
scribed in Section 2.2.1. The two step message exchange process provides the

G. Daniluk,(CERN). Nuclear Instruments and Methods in Physics Research 725, 187–190 (2013).

Synchronous Ethernet (SyncE)

• Layer-1 syntonization

• A common frequency reference for the entire 

network

• All nodes of the network are locked to the 

frequency of the System timing master 

Digital Dual Mixer Time Difference (DDMTD)

• Precise phase measurement 

• A phase compensated clock signal for the slave

Asymmetry compensation

• Sources of propagation asymmetry in a White Rabbit link:

• Chromatic dispersion  

• Unequal fiber lengths

• ‘Static’ correction of propagation asymmetry possible with WR. time error =
τMS − β ⋅ τSM
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1 PPS 
10MHz 
NTP Grandmaster Master

TIC

• Test set-up: 

• Grand master switch unit transmitting 
WR-PTP to a WR switch slave

• 1PPS and NTP reference from 
UTC(NPL) unit 

• Two 50km fibre spools with long range 
SFPs.

WR- PTP: experimental results

Courtesy E. Laier-English (NPL)
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Fig. 1. Phase noise power spectral density for default and improved Grand-
master WR clock.
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Fig. 2. Allan Deviation for default and Improved Grandmaster WR clock.

phase noise is obtained at 1 Hz and the bandwidth has
been increased by a factor of a thousand. This improvement
achieved an Allan deviation of 4.9 ⇥ 10�13 at 1 second of
integration time (NEQ BW=500 Hz) as illustrated in Fig. 2.
The performance limitation for the improved case is mainly
due to the noise floor of the AD9516-4 used for the WR
clock distribution as the external reference clock signal has
even lower PSD (-110 dBc/Hz at 1 Hz).

For a Slave WRS synchronized to the Grandmaster
WRS through a fiber link, we cannot use the same trick.
The SoftPLL is used to lock the internal local oscillator
to the clock recovered from the fiber link. The default
servo bandwidth for the slave is about 20 Hz. To achieve
better performance, the PLL bandwidth (BW) parameters
are varied [5]. We consider a Slave WRS synchronized to
the Grandmaster WRS by a 100 km uni-directional fiber
link (i.e. utilizing dual fiber and the same wavelength of
propagation in the two directions) at 1541 nm, with more than
three times greater bandwidth of locking. Fig. 3 shows the
relative frequency noise of the Slave clock with an increased
bandwidth of 70 Hz. Fig. 3 also depicts the frequency noise
of the free running local oscillator of the WRS and it is clear
that a higher bandwidth should be used to lock the local
oscillator, as the minimum of the relative frequency noise
lies at about 200 Hz. We also record the error signal out of

Fig. 3. Relative frequency noise for the Slave clock, the free running Local
Oscillator and the error signal of the slave switch.

the SoftPLL of the slave WRS by an FFT analyser and the
voltage noise is then converted to frequency noise which is
also displayed in Fig. 3. By comparing the frequency noise of
the Slave switch and the error signal out of the Slave PLL, we
observe that the slave switch has an excess of noise of about
10 dB at low frequencies (less than 100 Hz). This shows that
there is still room for improving the Slave switch performance.

Chromatic dispersion affects both the accuracy and the
stability (short term) of time transfer as described in [6].
In a WR link, we use small form factor pluggable optical
transceivers (SFP). We observed that the line-width is about 3
GHz in 0.25 Hz bandwidth of measurement for SFPs operated
in the C-band. As chromatic dispersion scales linearly with
the length of the link, it plays a significant and limiting
role for long haul fiber links with SFPs, and the frequency
stability of the emitters needs to be taken into account for links
longer than 100 km. To tackle the limitation due to chromatic
dispersion for long haul links, we employ a cascaded approach
described in the following section, and tried a faster rate of
communication between the master and the slave.

IV. A CASCADED 500 KM WHITE RABBIT LINK

We build the first four span 500 km uni-directional White
Rabbit link using fiber spools, long range SFPs and dense
wavelength division multiplexing technique. We describe the
experimental setup and the results for the cascaded White
Rabbit link in this section.

A. Experimental Setup
The experimental setup is illustrated in Fig. 4. We build

a four span cascaded WR link of 500 km. Each span is
125 km long. We are using four White Rabbit switches
and one WR-ZEN as end-receiver. All these equipments
were manufactured by SevenSolutions [7]. The four 10 MHz
outputs are recorded simultaneously by a dead-time free phase
and frequency counter K+K, operated in ⇤ mode with 1-s gate
time. For time transfer, the Grandmaster also receives a Pulse
per second (PPS) generated (SDI PPS generator), amplified
and distributed in the laboratory with a TimeTech PPS 16
channels amplifier. Time is transferred from the Grandmaster

Ways to improved WR: noise floor performance (no link)Fig. 1. Phase noise power spectral density for default and improved Grand-
master WR clock.
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Fig. 2. Allan Deviation for default and Improved Grandmaster WR clock.

phase noise is obtained at 1 Hz and the bandwidth has
been increased by a factor of a thousand. This improvement
achieved an Allan deviation of 4.9 ⇥ 10�13 at 1 second of
integration time (NEQ BW=500 Hz) as illustrated in Fig. 2.
The performance limitation for the improved case is mainly
due to the noise floor of the AD9516-4 used for the WR
clock distribution as the external reference clock signal has
even lower PSD (-110 dBc/Hz at 1 Hz).

For a Slave WRS synchronized to the Grandmaster
WRS through a fiber link, we cannot use the same trick.
The SoftPLL is used to lock the internal local oscillator
to the clock recovered from the fiber link. The default
servo bandwidth for the slave is about 20 Hz. To achieve
better performance, the PLL bandwidth (BW) parameters
are varied [5]. We consider a Slave WRS synchronized to
the Grandmaster WRS by a 100 km uni-directional fiber
link (i.e. utilizing dual fiber and the same wavelength of
propagation in the two directions) at 1541 nm, with more than
three times greater bandwidth of locking. Fig. 3 shows the
relative frequency noise of the Slave clock with an increased
bandwidth of 70 Hz. Fig. 3 also depicts the frequency noise
of the free running local oscillator of the WRS and it is clear
that a higher bandwidth should be used to lock the local
oscillator, as the minimum of the relative frequency noise
lies at about 200 Hz. We also record the error signal out of

Fig. 3. Relative frequency noise for the Slave clock, the free running Local
Oscillator and the error signal of the slave switch.

the SoftPLL of the slave WRS by an FFT analyser and the
voltage noise is then converted to frequency noise which is
also displayed in Fig. 3. By comparing the frequency noise of
the Slave switch and the error signal out of the Slave PLL, we
observe that the slave switch has an excess of noise of about
10 dB at low frequencies (less than 100 Hz). This shows that
there is still room for improving the Slave switch performance.

Chromatic dispersion affects both the accuracy and the
stability (short term) of time transfer as described in [6].
In a WR link, we use small form factor pluggable optical
transceivers (SFP). We observed that the line-width is about 3
GHz in 0.25 Hz bandwidth of measurement for SFPs operated
in the C-band. As chromatic dispersion scales linearly with
the length of the link, it plays a significant and limiting
role for long haul fiber links with SFPs, and the frequency
stability of the emitters needs to be taken into account for links
longer than 100 km. To tackle the limitation due to chromatic
dispersion for long haul links, we employ a cascaded approach
described in the following section, and tried a faster rate of
communication between the master and the slave.

IV. A CASCADED 500 KM WHITE RABBIT LINK

We build the first four span 500 km uni-directional White
Rabbit link using fiber spools, long range SFPs and dense
wavelength division multiplexing technique. We describe the
experimental setup and the results for the cascaded White
Rabbit link in this section.

A. Experimental Setup
The experimental setup is illustrated in Fig. 4. We build

a four span cascaded WR link of 500 km. Each span is
125 km long. We are using four White Rabbit switches
and one WR-ZEN as end-receiver. All these equipments
were manufactured by SevenSolutions [7]. The four 10 MHz
outputs are recorded simultaneously by a dead-time free phase
and frequency counter K+K, operated in ⇤ mode with 1-s gate
time. For time transfer, the Grandmaster also receives a Pulse
per second (PPS) generated (SDI PPS generator), amplified
and distributed in the laboratory with a TimeTech PPS 16
channels amplifier. Time is transferred from the Grandmaster

• Trick : increased PLL bandwidth of the GM L.O. to a good quality reference signal (H-Maser) (M. 

Rizzy)

• Many other work to improve performances of WR (better clocking scheme, better choice of 

components (clock fan out), etc

• WR community is very active !

Namneet Kaur Thesis: https://hal.archives-ouvertes.fr/tel-01909292
Application in particle physics:: K. Popov: https://doi.org/10.48550/arXiv.2512.21212
See https://white-rabbit.web.cern.ch/

10-12

.5 sec

10 MHz signal phase noise 10 MHz relative frequency stability

https://hal.archives-ouvertes.fr/tel-01909292
https://doi.org/10.48550/arXiv.2512.21212
https://white-rabbit.web.cern.ch/
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White Rabbit on uni-directional architecture  

• Complement the optical carrier service with RF 

and time services: 

• for measurements at nodes

• For measurements at user’s end

• Allows cross-comparisons and self-assessment 

(optical frequency transfer in REFIMEVE)

• For industrial applications : 

• 1E-13 accuracy in 20 s instead of 1-2 days

• Potential back-up technology for critical 

infrastructure

4.6. A long haul telecommunication span White Rabbit link 101

FIGURE 4.31: Allan Deviation for the 500 km cascaded White Rabbit
link and comparison with different GPS receivers. Solid line depicts
stability calculated from Frequency data, Dashed line depicts stability

calculated from Phase data.

orders of magnitude. We also compare the performance with the widely used Quart-
zLock E8000 GPS disciplined frequency and time standard and we observe that at
long term (from 1000 seconds of integration time) our cascaded link has better per-
formance by almost two orders of magnitude. Thus, it clearly exhibits that White
Rabbit technology surpasses the performance of commercial GPS systems.

From Fig. 4.31 we notice that WR attains a frequency stability of about 2 ⇥ 10�14

in about one hour of measurement time whereas the GPS systems reach the same
level of performance after averaging down for more than a month. Such impressive
short term performance of WR would be greatly advantageous for the application
of Certification of local oscillators, with the user benefiting from just few hours of
calibration time.

4.6.3 Time stability performance

The time interval data for the 500 km stage is presented as the blue trace in Fig. 4.32
for fifteen days of consecutive measurement. The peak to peak fluctuations are of
about 2.5 ns. These time fluctuations show some limitation for the accuracy and for
the stability performance.

Fig. 4.32 also displays the temperature fluctuations of about 2 K over the same

N. Kaur doi: 10.1109/TUFFC.2021.3134163. (2022)
N. Kaur, phdthesis https://hal.archives-ouvertes.fr/tel-01909292

White Rabbit on 500-km uni-dir on spools

10-13

20 sec

10 MHz relative frequency stability
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WR-PTP on long haul xWDM networks

• Up to ~1000 km (Finland, USA)

• 2 architectures possible

• 1 wavelength, 2 fibers

• 2 wavelengths, 1 fiber

• Both options are deployed in EU

98
Chapter 4. Towards long range time and frequency dissemination using White

Rabbit

We again clearly observe the correlation between the phase fluctuations of the
Slave ZEN and the temperature fluctuations. We observe a periodic modulation in
the phase data due to the temperature fluctuations acting on the optical length of the
fiber spools (as described in the Section 4.2.4). The free running phase fluctuations
are compressed approximately by a factor of 20. This is four times the compression
factor for the 100 km link.

The time deviation plot is presented in Fig. 4.33 as the red trace. The time transfer
stability for the 500 km cascaded link is 5 ps at one second of integration time and
reaches a minimum of 1.2 ps at 20 seconds of integration time. The time stability
degrades for long averaging times due to the fiber thermal noise but still remains
below the ns level.

We compare our lab experiment with two infield applications using the active
telecommunication networks. The first one is a 950 km WR link by the Finnish
metrology laboratory VTT between Espoo and Kajani in Finland [40], where the time
stability has been scaled down to 500 km for easy comparison. The second one is a
540 km link by V. Smotlacha and co-workers for time transfer between metrology
laboratories of Prague and Vienna (CESNET to BEV link) [88].

FIGURE 4.33: Time stability (calculated from phase data) for the cas-
caded 500 km White Rabbit link and comparison with infield appli-

cations.

For the CESNET to BEV link, the short term stability is limited by the link with
significant contribution from the time interval counters (⇡ 53 ps) and the actual link
contribution would be approximately equal to 8.6 ps. The

p
t behavior after 200 sec-

onds of integration time is due to the clocks. For the VTT experiment data, the clock
difference between UTC(MIKE) and HP 5071A (Cs clock) was removed, and the data
represents the difference between the WR PPS and GPS-PPP. The published data be-
gins at 200 seconds of integration time and the short term noise of the fiber is not

E.F. Dierikx, et al. IEEE T-UFFC 63, 945–952 (2016).

https://ohwr.org/project/white-rabbit/-/wikis/uploads/
1de8ac2cde4c71bfea22bb4f4a30fda3/2021-10-07_WR_WS_pr
esentation_R.Sundblad.pdf
https://nog.fi/event/4/contributions/27/attachments/20/28/
Wallin_nog-fi_2019-05-17.pdf
In USA :
https://ieeexplore.ieee.org/document/7579503

https://hal.archives-ouvertes.fr/tel-01909292

1 PPS time stability

https://ohwr.org/project/white-rabbit/-/wikis/uploads/1de8ac2cde4c71bfea22bb4f4a30fda3/2021-10-07_WR_WS_presentation_R.Sundblad.pdf
https://ohwr.org/project/white-rabbit/-/wikis/uploads/1de8ac2cde4c71bfea22bb4f4a30fda3/2021-10-07_WR_WS_presentation_R.Sundblad.pdf
https://ohwr.org/project/white-rabbit/-/wikis/uploads/1de8ac2cde4c71bfea22bb4f4a30fda3/2021-10-07_WR_WS_presentation_R.Sundblad.pdf
https://nog.fi/event/4/contributions/27/attachments/20/28/Wallin_nog-fi_2019-05-17.pdf
https://nog.fi/event/4/contributions/27/attachments/20/28/Wallin_nog-fi_2019-05-17.pdf
https://ieeexplore.ieee.org/document/7579503
https://hal.archives-ouvertes.fr/tel-01909292
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WR network: plans and challenges

• DWDM:  

• No dedicated optical amplifiers : no CAPEX, no OPEX

• No allocation of a single-one wavelength

• Integration as an alien wavelength for NRENs

• 1 Gb/s.  Transport at10/100 Gb/s ? 

• Challenges :

• Mitigate link asymmetry 

• Mitigate chromatic dispersion for link > 1000 km

• Interface with critical infrastructures: 

• Decision processes

• Live monitoring, network security,…

• Traceability
From Werner Weiershausen, Malte Schneiders, 
Optically Amplified WDM Networks, Chap. Transport Solutions for Optically 
Amplified Networks, p. 297-339 (2011)
https://doi.org/10.1016/B978-0-12-374965-9.10011-1

EURAMET TC-TF project WIND
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Refimeve: a high-way for time and frequency dissemination

•4 international connections (DE, UK, IT + CERN) 

•Clocks in UK, France, Germany and Italy connected

•REFIMEVE connects +30 labs by 09/2025

•REFIMEVE connects 6 research infrastructures

•LSM, CERN, SOLEIL (done)

•ESRF, IRAM, LOFAR (planned)

• Link with EPOS-FR (seismology), …  

•REFIMEVE deploy WR on all its links (2x5000 km) 

as a an alien lambda for RENATER (DWDM)
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 WR network : regional area by Paris and one long-haul link to Obs. Nancay
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• Grand Master seeded with UTC(OP)

• In campus: closure measurements on PPS and 10 MHz

• @LPNHE: measurement versus passive H-Maser and GNSS

• One long haul link to Observatoire de Nançay, 300 km far from 

Paris: measurement versus Rb clock and GNSS

• 1310/1490 when link < 5 km

• 1510, 1550, 1560 nm, … (DWDM) 

when link > 10 km
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WR network: traceability to the source

• We measure time intervals between PPS 

outputs at RNT. 

• Link length ~2x300m, rtt ~2x 3 𝜇s.

• Time offset ~200 ps

• We measure time intervals between PPS 

outputs and frequency of clock outputs 

at the lab.                                         

• Link length ~ 2x10 km, rtt~2x 100 𝜇s. 

• We observe over year scale:

• Very low noise signals < 10 ps.

• Jumps ~250 ps happens sometimes. Approx. 1 year

We observe excellent behaviors over long term.
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WR network: monitoring and supervision

• Supervision of ~10 wrs in Paris area

• Implement monitoring of wrs and zen-tp  

periodic poling of the devices

TDEV for round-trip time over the regional network

Embedded monitoring resolution ~ 10 ps

We observe diurnal perturbations on mid-range links.

Approx. 1 month measurements

~50 ps
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GNSS vs WR - comparisons in Paris (3 km baseline)

C. Dalmazzone et al., « Precise synchronization of a free-running Rubidium atomic clock with GPS Time for applications in experimental particle physics », 
(2025,) doi: 10.1016/j.nima.2025.170358.

TIC TIC
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https://doi.org/10.1016/j.nima.2025.170358
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GNSS vs WR - comparisons in Paris (3 km baseline): results

mean offset [GNSS-CV and WR-REFIMEVE] = 0.43 ns +/-  0.5 ns. Credit: Vincent VOISIN (LPNHE)

PRELIMINARY
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GNSS vs WR - comparisons in Nancay (300 km baseline): results
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• We measure time intervals between PPS 

outputs at ORN. 

• Link length ~300km, rtt ~ 60 𝜇s.

• Time offset without alignment/

calibration: 1.2𝜇s 

• We observe excellent agreement 

between GPS and WR signals monitoring 

the same Rb clock.

• We observe 4 ns jumps of the Rb clock 

in Nançay with the WR signal that are 

difficult to observe with GNSS.

Credit: Michel ABGRALL (LTE)

PRELIMINARY
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Summary - key messages

• PTP / WR-PTP can be deployed at low cost on xWDM network

• 1 GB/s data rate enable long range

• Time stability < 1 ns 

• Preliminary cross-comparisons with GNSS in Paris and in Nançay

• Main challenges : 

• propagation delay asymmetry variation over time

• Time accuracy budget < 10 ns



T i m e  a n d  f r e q u e n c y  t r a n s f e r  u s i n g  W h i t e  R a b b i t
C C T F  Te c h n i c a l  e x c h a n g e :  O p t i c a l  l i n k s  f o r  c l o c k  c o m p a r i s o n s ,  F e b r u a r  2 3 ,  2 0 2 5

Last words: towards a fiber network in Europe
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Thank you for your attention !


