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General
considerations
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Time reference

Atomic clocks count time relying on the resonance frequency of atoms excited by microwave,

optical or ultraviolet radiation

= They are one of the most stable time references available
* The most widespread atomic clocks are based on cesium or rubidium

Any GPS receiver gets an accurate time, traceable to the atomic clocks present inside GPS satellites,
as it is necessary to calculate the receiver position

= GPS-synchronized time receivers just ignore the position information and adjust a local tunable oscillator according to

the data obtained from the satellites
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Ethernet consideration

S

= The use of fiber makes encoding easier, as the optical medium does not suffer from crosstalk or

electric interference

= 1.25 Gbps serial data stream comes out of the serializer

= Fully deterministic physical layer

= New FPGA family require complex configuration to support the new serializer and remove any source of uncertainty

Serializer
Tranemit p——
unencoded
Data stream  datastream | PCS frame |1cboe: | BB10B
from MAC ; :::F; formatting | P=='¢' | encoder
Receiver
Receive
clock
125
Data stream 1Gh PCS frame | 1Goe=| 8B10B Gbos
to MAC para decoding [rer=ie’| decoder | oaralll
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Optical Gigabit Ethernet low level encoding

* Encapsulation of Ethernet frames in the PCS: preambles, start/end, idle pattern, other control
sequences

* There must always be some pattern in the medium

» After PCS, data is fed to an 8B/10B encoder: no more than 5 subsequent equal bits, no DC
component, comma symbols

* 1.25 Gbps serial datastream comes out of the serializer

+ To maximize measurement accuracy, packet timestamping is done by the PCS module

L 1S Serializer
e 110 PLL
urencoded 125 Gz 1M rioce
Data stream data stream PCS frame |1 Goos B8B10B Ghos 10:1
from MAC ; f:lf-; formatting | P2=@% | encoder |[satallel pariiel-to-sarial
Link
1.25 Gbit's
Receiver sarial
Receive
clock
125
Data stream 1_9%_ PCS frame | 1 Gops BB10B | Gops |
to MAC para decoding [ ra='s| decoder @ ceralel
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Sync-E

= In a regular Ethernet network, every node uses its own free running oscillator. Small differences
of frequency between tx and rx circuits are compensated by asynchronous packet buffers (not
deterministic/supported by WR)

= Sync-E defines a hierarchical structure where the master at the top is connected to a primary
clock

= STM syntonizes its oscillator to the primary clock and uses this frequency to encode the data

= At the receiver end, the same frequency is recovered using PLLs and it is used with lower nodes in
the hierarchy and back to the master

Spectrum = Standard Ethernet Synchronous Ethernet
el 17007 e
T euh_SWT 548 ms VW 20t _Mode autoFET Node 1 Node 2 System Timing Master

e 55 aom
9.99995660 MHz| free-running| Link 1-2 free-running
oscillator -‘. oscillator

Date: 11.0CT 2016 115415
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Phase measurement
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Phase measurement

Ethernet packets can be received at a device at any moment

The 125 MHz transmission clock only provides 8 ns granularity

Phase offset measurements improve the accuracy of PTP timestamp exchanges

= How can we add this sub-clock cycle timestamp capability?

clock loopback

" uncompensated clock
Receiver

System S .
Ct) Timing tl.e'i:]e N phase shifting
Master - Jrers

Receiver Transmitterg, >
; recovered in-phase clock

recovered clock
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Phase measurement: theoretical background

= First approach when measuring phase difference:
= A digital counter? Frequency needed would be too high (+10 GHz for subns accuracy!)

= The Dual Mixer Time Difference is a more convenient way of measuring phase differences
between two signals if they are synthonous.

= For the sake of simplicity, we will have a look at the analog version of the system:

) image-reject
mixers filters

a(t) = cos(2nf  t + )

* a(t) can be our local oscillator clock
*  b(t) is the reference we get from the master

v

local oscillator

through the Rx Ethernet path time b. - b,
* Anintermediate frequency offset is used to A = cos( 2t . + Bin) o

-~

shift the frequency spectrum
b(t) = cos(2mrf t + ¢,)

b(t)-c(t)

DMTD phase detector
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Phase measurement: theoretical background

counter

Multiplication of input signals with the local oscillator is:

mixers

a(t) = cos(2nf  t + )

a(t) : C(t) = cos(2ﬂtfc€k + ¢a) : cos(gﬂ-tfoffset + Qboffset)
1 local oscillator
= _cos(2nt - G EET
1 o :
+ 5608(27Tt(fcgk — foffset) + Pg — éaffset) c(t) = cos(2nf, .. + b.n)
LPF-filtered b(t) = cos(2nf  t + ¢,)

DMTD phase detector

The local oscillator must have a frequency offset very close to fclk

image-reject
filters

r

time
interval
counter

r

b

b(t)-c(t)

Comprised of a local oscillator, two identical mixers and low-pass filters and a time interval

Two clocks ( a(t), b(t) ) of the same frequency (fclk) and arbitrary phases (®a, ®b) as inputs
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Phase measurement: theoretical background

= At the end of the filters, we have:
= cos(2mt(fclk — foffset) + ®a - Poffset) / 2
= cos(2mtt(fclk — foffset) + @b - doffset)

» The phase difference between the clocks is unaltered
» Suppose fclk=125 MHz and offset=124.99 MHz

= The phase shift can be easily measured from a 10 kHz output signal (100 us period) can be measured using an
affordable counter with a 10 ns clock period

image-reject
mixers filters

a(t) = cos(2Znf t + ¢,)

h 4

local oscillator

time b, - b,
interval [—»
c(t) = cos(2nf,. + Pona) counter

-~

b(t) = cos(2nf  t + ¢,) b(t)-c(t)
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Phase measurement: theoretical background

= fp . generated from input clocks with a frequency few kHz away from received frequency

» The replacement of the mixed with the D-type flip-flop generate glitches due to setup/hold
violation: deglitching filter is required prior counting cycles to determine the phase differences

Clk ,— "D Q—/* 2 i 3
helper PLL f,,u—-> =l E 8 EE €| phase
far = o Taa B W | S5 & *difference
LN (33 823
clkg o a7 o B
—

White-Rabbit has developed a digital version of this system (Digital DMTD or DDMTD)

Low pass filtering is implemented using D-type flip-flop
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Phase measurement: theoretical background

= The Soft PLL performs the syntonization of the local reference clock to the RX clock received from

the data stream

* The firmware module contains the minimum functionalities and most of the control loop

implementation is in the SW

» Here are defined the Digital DMTDs to obtain the phase differences between clocks

» The Soft PLL module uses two external VCXO oscillators tuned by DACs

SoftPLL

GTP RX clock

100 ppm
VCXO |

DAC

10 ppm
VCTCXO |

Period
measurement

DDMTD
with deglitcher

DDMTD
with deglitcher

I

WEB slave

DAGC_REF

DAC_HPLL

ERR_HPLL

TAG_RX

TAG_REF

Wishbone. LM32 CPU

IRQ

- loop filter
- lock detection

- branch select

Compensated clock

DMTD phase detector: SoftPLL implementation
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Phase measurement: theoretical background

* |Input:
= frequency f,, [HZ]
= phase @, [rad]

_f—Lf—l_t_ T »[D Q “_“‘Am—gr——
= Output: N PLL elkppyrn o
= proportional lower frequency f,, [Hz] x* o _f""f'"ﬂszﬂm e - -
= equal phase: @, [rad]= @, [rad] —ﬂ—ﬂ—f_‘r' L © _|1—|_E_f_
= Zooming effect: o[ Counter Fl EMM

Xin[NS] = 1/(1+2~N ) - Xg4[ns] E @

DMTD phase detector: SoftPLL implementation

S SAFRAN



03

Protocol
explanation

S SAFRAN



WR: Timing protocol

AVAVATATATATAVATATA

Link up
Syntonize

Calibrate PHYs

Measure coarse delay

Measure phase

Extend timestamps and obtain fine delay
Determine link asymmetry

Compute one-way delays and clock offset
Initial offset correction

Measure phase

Compensate for delay changes

messages

IL——”\;——-(

WR Port A WR Port B
(WR Master) (WRSlave)
time time
WR FSM WR FSM
Announce*®
WRPTP " IDLE
Announce  IDLE —
M_SLAVE PRESENT® _ '
l [ PRESENT
| — M Lock +
X3 N
S_LOCK S LOCK
*
. M_LOCKEL
White + T ;\‘l"m";\',_,_ LOCKED
Rabbit ~ CALE R ¥
§ BRATION RESP_CA-
!.Irlk + — M_CALIBRATED® LIB_REQ
Seup  caLprATED T T—
CALI TE®
4 lf — — STRAlE — - CALI-
RESP CA. BRATION
LIB REQ M_CALIBRATED"_ =
e —— CALIBRATED
— M_WR _MODE_ON*
WR_LINK_ON R '.\RII'\A ON
l L F—_‘_'___‘
Follow_Up
o
_— I
Sl‘urunlard Delay Resp
PTP ———
synch
IDLE IDLE

WR Port B recognizes
another WR port by the
suffix of the Announce m
WR Port B becomes WR Slave
and notifies the WR Port A
which enters WR Master mode

PTP synchronization is

g

Syntonization of the WR Slave
clock over the physical layer

Calibration of the WR Master

Calibration of the WR Slave

WR Link Setup finished

PTP delay request-response
mechanism (with two-step clock)
It enables to calculate the delay

f the WR Slave.
Sub-ns accuracy is achieved

due to precise knowledge of
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WR protocol: Link detection and syntonization

Synchronization phase Purpose Measurements done
&= Y o SR S st = [Initially, the link between master and slave is
‘ oo ‘ Slave clock reflects master clock not established
Y with unknown offset
TN syl N NV NV N = Their PHYs send the idle pattern but they do
m:‘ - P ——— e not receive any meaningful data
courso :llly g;?at;termmg the coarse round-trip 10 b2s 30 g _way_. 4 . .
< . | = When they align the symbols and receive the
T | Measurephase | e pnace of loop backed cock | Phaseyn idle pattern, the Ethernet link will become
S - - - active
é Extm;cti t'imaata:l.f:;ﬂd E;f%%:ﬁ?@';ﬁa?ﬂﬁim?’ mes Lp, typ.delay, .,
obtain fine ecalculate round-trip dela . . .
@ : e = Following an active link, master sends
S | Detemmine | Colcutate the asymmetry of e fver 3 ANNOUNCE messages and eventually the
N slave will answer with a SLAVE PRESENT
B R o messer-ts sieve clock offset B OfFStyg
) = When the master sends a LOCK message, the
Initial offset correction | Fix the offset to synchronize the slave slave will start to recover the clock from the
. data stream
g Measure phase (offsst) | ieasure offset s again — * Once the PLL is locked, the slave issues a
2 ot Determine the diflersnce between LOCKED message and both nodes are
(1] e K su uent offse wms Samples and u - M
£ || delay changes | oy R syntonized (same frequency, different phase)
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WR protocol: Link delay measurement

Synchronization phase

Purpose

Link up
v

‘ Syntonize ‘

Wait until Ethernet link is established

Slave clock reflects master clock
with unknown offset

‘ Calibrate PHYs ‘
3

Measure
coarse delay

v
Measure phase
¥

Extend timestamps and
obtain fine delay

¥

Determine
link asymmetry

¥

Compute one-way
delays and clock offset

v
Initial offset correction

Initial synchronization

b

Measure phase (offset) ‘

‘

Compensate for
delay changes

S |

Phase tracking

Use calibration pattern to determine
PHY TX/RX latencies

Use PTP message exchange
to determing the coarse round-trip
delay

Use DMTD phase detector to determine
the phase of loop-backed clock

Extend the precision of PTP timestamps
using DMTD phase measurement.
Recalculate round-trip delay

Calculate the asymmetry of the fiber

Calculate precise one-way delays
and master-to-slave clock offset

Fix the offset to synchronize the slave

Measure offset,,; again

Determine the difference between
subsequent offset,,; samples and update
slave clock accordingly

Measurements done

A A Beggs By

t,ty

phasey,,

Lp. Lyp. delayy,

O

B, .. 0. offsety,o

'ms>

offset,,

ty, ty, ty, one_way_delay

» Once syntonized, we still have to synchronize
both nodes. This can be divided into two
tasks:

= Coarse delay measurement, based on a PTP exchange

= Precise delay measurement that combines the coarse
delay with a DDMTD phase measurement
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WR protocol: Coarse delay measurement

Synchronization phase

Syntonize ‘

v

Purpose

‘Wait until Ethernet link is established

Slave clock reflects master clock
with unknown offset

Use calibration pattern to determine
B :

Calibrate PHYs |
— -

2

Measure
coarse delay

v

Use PTP message exchange
to determing the coarse round-trip
delay

Initial synchronizatfon

Phase tracking

Measure phase

-

Extend timestamps and
obtain fine delay

¥

Determine
link asymmetry

¥

Compute one-way
delays and clock offset

v

Initial offset correction

Measure phase (offset) ‘

I

Compensate for
delay changes

the phase of loop-backed clock

Extend the precision of PTP timestamps
using DMTD phase measurement.
Recalculate round-trip delay

Calculate the asymmetry of the fiber

Calculate precise one-way delays
and master-to-slave clock offset

Fix the offset to synchronize the slave

Measure offset,,; again

Determine the difference between

Measurements done

A A Beggs By

t,. ty, ty, ty, one_way_delay

phasey,,

Lp. Lyp. delayy,

Sy

B

e O OFFSCTys

offset,,

subsequent offset,,; samples and update

slave clock accordingly

Master Slave
time time

SYN
Fo, L OWUP C
W ¢
eQ t3
PRl RLE
4

DEL4y
<R
ESP{Car,—,'eS )

The coarse delay is measured using a PTPv2
two-step packet exchange

The packets timestamps are hardware-
generated

This measurement produces timestamp
values: t;, t,, t3, t,

Due to the possibility of jitter-related
problems, t, and t, timestamps are generated
for both rising and falling edge
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WR protocol: Fine delay measurement

Synchronization phase

Initial synchronization

Phase tracking

‘ Syntonize ‘
v

‘ Calibrate PHYs ‘
v

Measure
coarse delay

Purpose

Wait until Ethernet link is established

Slave clock reflects master clock
with unknown offset

Use calibration pattern to determine
PHY TX/RX latencies

Use PTP message exchange
to determing the coarse round-trip
delay

Measure phase
-

Extend timestamps and
obtain fine delay

Use DMTD phase detector to determine
the phase of loop-backed clock

Extend the precision of PTP timestamps
using DMTD phase measurement.
Recalculate round-trip delay

£

Determine
link asymmetry

+

Compute one-way
delays and clock offset

-
Initial offset correction

R

{Measum phase (offset) J

T

Compensate for
delay changes

J S |

Calculate the asymmetry of the fiber

Calculate precise one-way delays
and master-to-slave clock offset

Fix the offset to synchronize the slave

Measure offset,,  again

Determine the difference between

subsequent offset,,; samples and update

slave clock accordingly

Measurements done

A A Bexss Ay

ty, ty, ty, ty, one_way_delay

phase,,,,

Lp. Lyp.delayy,,

Of

8.0, offsety,o

ms*

offset,,o

At this point we have:

ty, t, 13, t, PTP timestamps
= phasey round-trip phase-shift
= phase slave setpoint

The precision of the timestamps is extended to
include the DDMTD measurements: t,, t,, (not
needed for t, & t, because transmission always use
the device reference clock - phase = 0)

An algorithm decides whether the rising edge or
falling edge timestamps are the reliable ones

Some magic: because clocks are syntonized, phase

relationship are constant and therefore they can be

integrated many times (hundreds) to improve

accuracy in the phase values

= Note that Start-of-Frame (SoF) signals share a sub-cycle
timestamp offset equal to the inter-frequency phase offset (and

therefore timestamps can be improved using the corresponding
DDMTD phase measurements) for correction
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WR protocol: Fine delay measurement

Reliable Reliable

t-dl‘ tJr
25 T ” T T - -
<> :
g s T
20k 4 4 -
. glitches
sk ; : x ]
... = 6.6 n1s : ¢ j/— i
- : }
— 10F : : J
w3
L, 1
] 1 \_ ——
£ ¢} .
™
or / -
- —— rising edge timestamp (1)
T.=8ns
ref falling edge timestamp (ty
i DMTD phase (phase,,) | ]
—) —ea— precise timestamp (!‘p;
10 " M " T
0 S 10 15 20 25

simulated link delay (phase,) [ns]
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At this point we have:

ty, T, t3, t, PTP timestamps
= phasey round-trip phase-shift
= phase slave setpoint

The precision of the timestamps is extended to
include the DDMTD measurements: t,, t,,

An algorithm decides whether the rising edge or
falling edge timestamps are the reliable ones

And precise round-trip delay can be
calculated as

More advanced: @, _ . is a constant parameter
for a given device

P = phaseMM - qJtrans
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WR protocol: Link asymmetry

Synchronization phase - Purpo.se- - Measurements done - The asymmetry cannot be directly measured‘
faltunti Ethemetlink s estapisne It can only be estimated from delay,,,, and
IS 5o ciock refiects mesier clock knowledge of the medium and the
- .2 Lo
‘ Calibrate PHYs ‘ gfﬁ( c_?;(ijbéitig;e?‘ac?:sm to determine e R e e transm|SS|on CerUltS
* 3
— UsePTPmessageexchange i e vy delay All these asymmetry sources are taken into
g mrs: delay by account:
‘% Measure phase crighranthid s yhet-gmtall . fropagation delays of electronic components and PCB
= races
_z:o- Exdend timtatamps P Ex_tend the precision of PTP timestamps ) . .
2 | obtainfinedeley | Rocsiuiuie rouncuip sy el = Optical transceivers delay asymmetry
w T . . . . .
= —— i = Fiber Rx/Tx different diffraction index
= link asymmetry Calculate the asymmetry of the fiber Oy
= : = Internals of the chips structure
R o mactor-w>siave clook ofisct B s B OFFSCtygs . . .
v h » Fiber asymmetry can be variable depending
BRIl - the offset to synchwonize the siave on operating conditions and link length. All
the rest are considered constant per device
(=]
§ Measure phase {Oﬁﬂet)J Measure offset,,; again offset,,o
E Cnmpetsaﬁa P Determine the difference between
nctt-i delay changes ‘ s:.lbse:::z:t Uffsi:l,\“sarnples and update
T slave accordingly
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WR protocol: Link asymmetry

= Circuit asymmetries . N
= Different length in traces REGaN: T3I0NM (v opic cable, 00N 1550 M7
. . . . . (one fiber per link)

= Different structure of internal clock distribution N up t0 20 km Yy’

= Different paths in FPGA logic ] @ &

= Solutions: \
= Measure them in lab and consider them to be constant
= Develop a model that characterizes asymmetries depending on conditions
= Reduce asymmetries as much as possible in design stage

Serdes Serdes

WDM SFP module

= Fiber asymmetries
= Chromatic dispersion due to different wavelengths used
= Characterized by o parameter

= Transceivers asymmetry

= Serializers/De-serializers introduce a random latency between the recovered clock and the data
stream

= Solution: disabling the automatic comma alignment and manual bit-shifting
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WR protocol: Computing one-way delay and offset

Synchronization phase Purpose Measurements done n -
y F P A= Atxm + Arxm + Atxs + Arxs
Wait until Ethernet link is established
. —_
3 delayyy =D + 8, + 8,
Slave clock reflects master clock
‘ Syntonize ‘ with unknown offset " o= (8 / 5 ) - 1
- - ms sm
Use calibration pattern to determine
Calibrate PHYs ‘ i Ay B B Ay . o .
‘ - PHY TX/RX latencies T e T = We obtain one-way fiber delay 8, from these equations
Use PTP message exchange as.
M‘“:“I’ to determing thegooarse rm?nd—trip ty. b, Uy, Uy, onte_way_delay
coarse delay delay ™ 6 - ('] +a)(de[ay _A) / (2+a)
I= Py ms MM
=
= Use DMTD phase detector to determine . . N .
S Measure phase the phase of loop-backed clock phasey = and adding the asymmetric delays gives the final
s : ,, , products:
= Eiténd Srrasthmps aid Extend the precision of PTP timestamps del
] using DMTD phase measurement. Lp, yp. delayy,, = -
= obtain fine delay Recalculate round-trip delay " delayms_ (1 +a) (de[a.yMM A) / (2+(X) + Atxm + Ar><S)
[
- * = offset, =t; —t,, - delay,,
= Determine =
E link asymmetry Calculate the asymmetry of the fiber Op
- a) Reference Master Link Slave
Compute one-way Calculate precise one-way delays 5 5. offset ' S g
delays and clock offset and master-to-slave clock offset 'ms* Vsm> SChus
Initial offset correction Fix the offset to synchronize the slave Ty . \m = 35 anfsyyégrc-rkonfzea
b)
offsety,g
2 : Q =D
= \ delayy LA
E lMeasum phase (offset) ‘ Measure offset,, again offsety, 1 | | I
= i i —
3 c * P Determine the difference between : h ! ‘
ompensal r _ i ;
E delay changes ‘ subsequent fosel:\ﬁsamples and update 3
o slave clock accordingly
I 4
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WR protocol: Initial offset correction and phase tracking

Synchronization phase

Initial synchronization

Phase tracking

o

b3

Calibrate PHYs ‘

2

Measure
coarse delay

¥

Measure phase

+

Extend timestamps and
obtain fine delay

+

Determine
link asymmetry

+

Compute one-way
delays and clock offset

T

Purpose

Wait until Ethernet link is established

Slave clock reflects master clock
with unknown offset

Use calibration pattern to determine
PHY TX/RX latencies

Use PTP message exchange
to determing the coarse round-trip
delay

Use DMTD phase detector to determine
the phase of loop-backed clock

Extend the precision of PTP timestamps
using DMTD phase measurement.
Recalculate round-trip delay

Calculate the asymmetry of the fiber

Calculate precise one-way delays
and master-to-slave clock offset

Measurements done

A A Bexss Ay

t,, ty, 4y, Uy, one_way_delay

phase,,,,

Lp. Lyp.delayy,,

b offsety,q

Initial offset correction

Fix the offset to synchronize the slave

R

Measure phase (offset) ‘

T

Compensate for
delay changes
T

Measure offset,, again

Determine the difference between
subsequent offset,,; samples and updat{
slave clock accordingly

offset,,o

delay,..= (1+a)(delayy,-8) / 2+a) + A A

txm + rxs)

offset,,, = t; - t,, - delay,,

The second’s counter is increased/decreased with the
integer part of offset,g

The counter used to generate PPS signal is corrected
with the remainder of offset,,s (in full 8-ns cycles)

The phaseg value is corrected with the picoseconds
remainder

Once synchronized, the packet exchange is repeated
periodically. offset,  is updated and the little phase
changes are corrected

PROBLEM: experimental errors on determining the
contributions of a and A may significantly impact
links calibration

= The errorin a is multiplied by the distance of the link. This is not
a problem with small distances, but it is for large ones
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WR protocol: Synchronization stages summary

= The offset corrections are made on the UTC and nanosecond counter by the PPSGen
and on the reference VCO by the SoftPLL

offsetys | Adjust UTC counter >
M
UTC = UTC + corr,,, corr,,, »| ADJUST ('lfJu_Il_::s)ect:)ounnc::zr ——» UTC time
v l-b RESET
Adjust cycle counter
NT = CNT +
< < COTT et > OVERFLOW » PPS output
v cycle counter
Adjust phase COFF,,; »| ADJUST (CNT)
phaseg = phases + cort,,,..
le
v phaseg PLL
offset, s Track phase drift RX clock PD |5 \ [+ veo » Compensated
phases = phases + corry,, . ¥ ] clock
|
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WR protocol: Equations summary

delayym = (ts,—-t) - (t;-t;,)

A=A, +A _+A. . +A

txm rxm txs rxs

delayyy = A + &, + O,

= (&g / Ogm) — 1

S= (1+a)(delayy-L) / (2+a)
delay,..= (1+a)(delayy-L) / (2+a)

+ Atxm + Arxs)
offset,,, = t; - t,, - delay,,,

master

fixed delays

variable delays fixed delays
slave
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