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1. Merki un uzdevumi

Merkis: Izstradat sinhronizacijas metodes laika mériSanas
izplatitai sistémai ar augstu precizitati.

Uzdevumi:

1) izskatit esoSas sinhronizacijas metodes

2) piedavat pieeju, lai nodrosinatu labaku precizitati
3) definét noteikumus laika mériSanas iericém
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2. Laika un Frekvences Standarti

i P relativa
The metamorph osis of in ;9(:).':.'; precizitate
time measurement __ per day
: 10 ps 10-16
Atomic clocks 100 ps 10-15
(1950)
Hydrogen
Maser, g 1 0'1 4

Caesium beam,

Marine chronometers Space atomic clocks ; Rubidium clock
10 ns 1013
L Qutz 14, 101
oscillators
o (1930)
1ms 108
Marine
chronometers 1s 10
(1750), Harrison
Huygens Pendulum (1650) 10s 104
pendulum
1000 s 102

Tower clocks (1300)
verge-and-foliot mechanism

Laika mériSanas precizitate parametru izmainas vésturée
Attels no: 11. Gaetano Mileti. Atomic Clocks: Basic Principles, Applications and
Current Trends. 13th PSI summer school, Zug, 9-15, 2014, 53 pp.
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2. Laika un Frekvences Standarti

New clocks !
e e F
Primary Commercial Compact Miniature Precision Wristwatch
Standard Beam Clock Atomic Clock | Atomic Clock Quartz Quartz
Accuracy: 1015 ' [ 15 107 10
Timing error: 10ns/yr 1us/yr 0.1us/day 1us/day 100us/day 1s/day
Size: 107 cm? 10%* cm? 100 cm? 10 cm? 1-10 cm? 10 mm?
Power: kW 100's W 1w 120mW 100 mW 10 W
Cost: >S1 M S50 k $2,000 $300 $100 S1

Laika un Frekvences Standartu cenu un precizitates svarstiba
Attels no: 11. Gaetano Mileti. Atomic Clocks: Basic Principles, Applications and
Current Trends. 13th PSI summer school, Zug, 9-15, 2014, 53 pp.
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2. Laika un Frekvences Standarti

Jebkura laika merisana

[
o

- . 10 ‘
balstas uz Laika un
E [ 5
Frekvences Standartu \
> 13
€10 & .
2
8 ~ N 7
% 44 »The second is the duration of 9 192 631 770 periods
S 10 of the radiation corresponding to the transition
g between the two hyperfine levels
o - of the ground state of the caesium 133 atom.”
© (CGPM 1967)
£ a6l -
10 Primary Cs Clocks

Optical Frequency Standards (relative to Cs)
Estimated Uncertainty of Optical Frequency Standards

10-18 i I : ¥ 1 i 1 ; I i 1 i 1
1960 1970 1980 1990 2000 2010

Sekunde ir vienada ar cézija
izotopa 133Cs izstarota mikrovilna

9 192 631 770 svarstibu periodu Frekvences stabilitate no teko$a “galvena” standarta un
kopé€jo ilgumu, notiekot parejai no optiska standarta
starp diviem atoma pamatstavokla Attéls no: Fritz Riehle. Towards a redefinition of the Sl second by optical
hipersikstruktiras l[imeniem. clocks: Achievements and challenges. 30th European Frequency and
/lvvikipedija/ Time Forum, April 8, 2016, 35 pp.

]
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3. Notikuma laika registrators ka pamats

Riga Event Timer family: A010-ET(1999.9) — AO13-ET; A031-ET(2002.9) — AO33-ET

Event Notikumu taiméSana ir bazeta uz
J digitalo signalu apstrades (DSA).
Ipass analoga signals ar noteiktu
Processed . . .= .
samples aizkavi un nemainigu formu tiek
Asri‘g‘r'f’a% generéts notikuma pienaksanas
momenta. Talak Sis signals tiek
7" (—O—0 digitalizéts un digitali apstradats, lai
Sa?uﬁggg | ‘ ‘ \lej ‘ ‘ noveértétu ta poziciju attieciba pret
LT L 1L 1 1111 numureéto takts pulsu secibu uz laika

skalas. Sada veida iegatie aprékini
dod prasito notikuma laiku.

(i-1) (i+1) (i+2) ..

Constant value

Time scale >

Eve'nt Estimated
true time event time

Takts impulsi ir stingri saistiti ar aréjo 10 MHz no
Laika un Frekvences Standarta.
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3. Notikuma laika registrators ka pamats

Visizplatitaka ierice no Riga Event Timer family ir AO33-ET.
Vairak ka 75 ierices ir pardotas Eiropa, ASV, Japana, Kina, Krievija.

AO033-ET raksturigi parametriir:
-Atrdarbiba = lidz 20 mil. meas./s
-Precision= 3-4 ps

-Accuracy ir 10 ps laika
momentiem un 3-4 ps laika
intervaliem, bet ir atkariga no ar€ja
10 MHz un 1PPS signala no

Laika un Frekvences Standarta.

INSTITUTE OF
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Jevgenijs Buls

Stable but not

Not stable but
(relatively) accurate

Stable and
accurafe

Time

Time

Time

Time

Kadas ipasibas raksturo “precision” un “accuracy”?
Attéls no John Vig “Quartz crystal resonators and oscillators”
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4. Ko nozime sinhronizacija?

Time of Flight (TOF) = time of receiving — time of firing = t? —

TOF = 0.25+5.0+0.75 = 6 (clocks) TOF = 0.25+5.0+0.75 = 6 (clocks)
. . /o ale= 1 r— Mol raire
I I S A B S I O time scale A I I I I B S ) S B I time scale A
TOF = 5.0 +0.25 = 5.25 (clocks) i nonsyntonized TOF = 6.0 (clocks) ] syntonized
— 1 1 —1 711 [— _ll_l,_ll_l,_ll_l,_ll_l,_ll_l,_l |
_ e e ] time scale B — time scale B
Specially
generated
1PPS tF tR pulse tF R
N Al e Y w1 w2 x+d
S Sy N S . N T A Y S N s
time scale A N [ U [ U [ I [y N [ N [y B time scale A
synchronized e " syntonized
o e s e s Y s B —
— = = T ime scale B e i s S e s time scale B

Tiesa sinhronizacija Sinhronizacija ar offset novertésanu
offset = tPB — tPA=(y+0.75)-(X);

tFA = x+2.75;

t® = y+3.5 - offset = x+2.75.
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5. Laika skalas sinhronizacija ar satellitu palidzibu

Visizplatitaka sinhronizacijas metode balstas uz specialam satelitu
sistemam - Global Navigation Satellite Systems (GNSS).
Tadu sistemu piemeri: GPS, GLONASS, Galileo, Beidou (China) etc.

Laika un Frekvences Standarti uz GNSS bazes tiek razoti simtiem
dazadas valstis un atsSkiras péc izejas signala 10 MHz un 1PPS accuracy
un precision.

Cenas svarstas no daziem simtiem lidz tikstoSiem eiro.

Atkariba no cenam un uztverosas antenas rupigas uzstadiSanam Sis
ierices lauj iegut precision no 101 [idz 10-1° un laika skalas sakritibu ar
accuracy no 100 ns lidz 1 ns.

Cits risinajums balstas uz Satellite Lazer Ranging (SLR) staciju
aprikojuma izmanto$anu un papildu taimeri uz geodéziska satelita. Sis
risinajums jau tiek testets T2L2 (Time Transfer by Laser Link) projekta
ietvaros. Rezultata izdevas iegut laika skalas sakritibu ar accuracy lidz
60 — 100 ps un stacijas attalums varetu but 10000 km un vairak.
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6. Laika sinhronizacija datoriem WAN/LAN tiklos

Gadijuma, kad izplatita sistema sastav no datoriem, saistitiem LAN vai
WAN tiklos, sinhronizacijas noltikam lieto:

- Precision Time Protocol (PTP; IEEE 1588) — laika aizkaves meérisana;

- Synchronous Ethernet (SyncE; ITU-T G.8261, G.8262,G.8264) — etalona
frekvences izplatisana.

PTP un SyncE izmantoSana |lauj iegut: frekvences precision 0.5:10°
laika skalas sakritibu ar accuracy 1 ps

Starptautiskais projekts “White Rabbit” (WR) bija uzsakts 2008.gada ar
merki uzlabot frekvences precision lidz 50 ps un
Laika skalas sakritibu ar accuracy labak neka 1 ns

WR balstas uz uzlabojumiem PTP programmatira un jaunu SynckE
realizaciju, taCu var ari funkcionét kopa ar standartiem Ethernet
lidzekliem.

[ ]
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7. White Rabbit lidzekli laika skalas sinhronizacijai

WR sinhronizacija balstas uz speciali izstradatiem mezgliem, kas izpilda visas
standarta Ethernet funkcijas un papildina tas ar WR laika sinhronizacijas lidzekliem.

101125 MHz
_
GPS/cesium | 1PPs | WR master mbackup
ol or WR switch master
reference clock UTC timecode | (configured as a PTP grandmaster) and reference clock

h J

downlink ports

multiple uplink paths

uplink ports for timing redudnancy
WR switch WR switch WR switch
i 4 downlink ports 4
l uplink ports l ‘
WR switch WR switch WR node
Lt R
data-only routes outside
the free topology, managed
WR node by the Spanning Tree protocol WR node
< timing and data routes <«—p data-only routes

White Rabbit ierices hierarhija
Attéls no: Tomasz Wtostowski. Precise time and frequency transfer in a White Rabbit
network. Master of Science thesis. Warsaw University of Technology. 2011, 98 p.
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7. White Rabbit lidzekli laika skalas sinhronizacijai

PTP lauj nomeérit laika aizkaves pé&c datu parraides abos virzienos.

t
11 | | | | t, | | | | | | |
/ Mastertime
‘\ - o) \\ ,"
\ Q) o Os (D \ ’
\‘ 9 prs qJ 3o \‘ Il
i) 2 S N 2 5= (t, —t)—(;-1)
\“ c a (D‘ ﬁ 1‘4\ pu—
-~ o % o e, I 2
\‘ % Q ‘o II’I ‘\‘
v Slavetime
Ly | . | | / Ly | |
tz t3

Specializéto datu parraide un aizkaves noveéertéjums

WR papildina standarta PTP funkcijas ar trafiku regulésanas funkcijam un
iespéju precizét aizkaves novértejumus ar fazes starpibas méerijumu
rezultatiem SynckE realizacija.
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7. White Rabbit lidzekli laika skalas sinhronizacijai

WR mezglos sintonizacija ar Synck ir papildinata ar Phase locked loop (PLL) un ar

fazu starpibas mérijjumiem.
WR mezgli parraida etalona frekvenci uz apakséjiem mezgliem. Salidzinot izejoSu
un atgriezusos frekvenci, ar PLL palidzibu regulé to sakritibu.

Standard Ethernet Synchronous Ethernet

Switch 1 Switch 2 System Timing Master (a switch)

free-running f;lfgzrr?ce
oscillator oscillator
; Lin% \\
Switch .’i l e T Switch Node 1
g l ‘ Slave port
free-running RER locked
oscillator PLL Ic?:;(iﬁ:tor PLL oscillator
Master port
Node 2 //
[ { Slave port
BER locked
PLL oscillator

Fiziska limena sintonizacija standarta tikla un tikla uz WR iericém
Attéls no:J. Serano et al. THE WHITE RABBIT PROJECT. Proceedings of IBIC 2013, Oxford, UK, pp.936-942.
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7. White Rabbit lidzekli laika skalas sinhronizacijai

Master

reference clock

DMTD
<—— phase
detector

Receiver

t ! ith COR PLL

recovered clock

A

{up to 10 km single mode fiber)

*  Transmitter |/ ™~

Link Slave

Receiver uncompensated clock

~ " with CDR PLL v

DMTD-based
phase shifting
PLL
I Tranamitar < T recovered in-phase clock

Frekvences parraide un tas salidzinasana ar atgrieSanas frekvenci
Attéls no: J. Serano et al. THE WHITE RABBIT PROJECT. Proceedings of IBIC 2013, Oxford, UK, pp.936-942.

v

)

D)

v
v

clk,

helper PLL

o= N+1 faa

A

fPLL

phase
difference

—»

counters
phase difference

averaging

h 4

deglitcher
& pulse shaping

A 4

=)
D)
v

clkg

Parraidito un sanemto signalu fazu starpibu meérisana ar augstu precizitati.
Attéls no: Tomasz Wtostowski. Precise time and frequency transfer in a White Rabbit network.
Master of Science thesis. Warsaw University of Technology. 2011, 98 p.
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7. White Rabbit lidzekli laika skalas sinhronizacijai

Histogram of offseis between master and each slave

Master L e
- C1 : B £ Rl
140 Slave 3 ( . ) Slave 2 /| |
120| (C4) : (C3) : <
_ mean =-13525ps . mean = 24.67 ps |
£ 100) sdev = 6.14 ps 3 sdev = 5.30 ps '
= g
E 80
2 -
E al i Slave 1
=z ; (C2)
w0l i mean = 161.86 ps
sdev = 5.45 ps
20|
LT 100 100 150

0 £
Offset [ps]

Measwre P1:skew(C1,C2) P2skew(C1,C3) P3skew(C1,.C4)

value 176 ps 42ps -117 ps
mean 161 .86 ps 24 BY p= -13525ps
min 141 ps 3ps -846 ps
max 183 ps 45 ps 109 ps
sdev 545ps 530ps 614 ps
nUm 59.764e+3 59.764e+3 59.757e+3

Precision un accuracy novértésSanas rezultati. Tiek salidzinati 1PPS signali no tris kaskada mezgliem

(Slave 1, Slave 2, Slave 3) ar 1PPS signalu no vadosa mezgla (Master).
Attels no: 63. Maciej Lipinski et al. White Rabbit: a PTP Application for Robust Sub-nanosecond Synchronization. Proc. IEEE
International Symposium on Precision Clock Synchronization for Measurement, September 2011, Germany, 6 pp.
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8. Event Timing lidzek]i laika skalas sinhronizacijai

Lai varétu izmantot WR Laika skalas sinhronizacijai, ir nepiecieSams iepirkt WR
ierices vai ieblvét WR tehniskos risinajumus Laika mériSanas sistémas izplatitos

mezglos.
Mes piedavajam lietot sinhronizacijas uzdevumam tas pasas laika mériSanas

ierices, no kuriem sastav ST izplatita sistema.

GPS/Atomic or Atomic or o o o Atomic or
optical clock optical clock optical clock

o — O o — S -

- 5 - -

MasterQ [€======= > Masterl | .o Master N

Timing system Timingsystem e oo < Timingsystem

) A A A 4 A

1 © 06 0 ! 1 o 0 o ! 1 © 0 0 !

v i v i v i
Slave i Slave i Slave i
timing : timing I timing :
system v system v system v

Slave Slave Slave

timing timing timing

system system system
€= > - Optical or wideband fiber

Laika mérisanas sistémas hierarhija atkariba no kvalitativa
Laika un Frekvences Standarta esamibas
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8. Event Timing lidzek]i laika skalas sinhronizacijai

Laika skalas atbilstibu UTC
UTC code var nodroSinat Event Timer
AO033-ET péc papildinasanas
ar iespéjam precizi mérit 1
PPS signalu un precizi

10 MHz || 1 PPS User interfaces

[T
Master O Timing System

korigét laika skalu saskana ar
PLL AV Ethernet  ; Jetara S ’
Eventsfor | | Ag34-ET or PC card Jaunas ierices apziméjums
timing A034-ET.
FIFO A034-ET nodrosinas
Repository precision labak neka 5 ps un

accuracy aptuveni 10 ps.

Pulse Former and Reader

A Master O sak offset mérijjumu
i,To Slaves or other Masters visam tiesi saistitam
sistémam, ieklaujot Master
Galvena Laika mériSanas sistéema Master 0. Tai ir savs un Slave .S'Stémés un
augstas kvalitates Laika un Frekvences Standarts un tas saglaba visu offset datu sava
laika skala pilniba atbilst (sakrit) UTC laika skalai. HDD
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8. Event Timing lidzek]i laika skalas sinhronizacijai

User interfaces

10 MHz || 1 PPS
TOMasert ["puise Reader ﬁ Master k sistéma ir tads
€ === and Reflector Master k Timing System
pats A0O34-ET un Master k
var funkcionét Master O
PLL vieta, kad Master O
Ethernet .. ..
Cents ARMCPU K————> nheizpilda savas funkcijas.
vents for A034-ET or PC_card
timing _
FIFO Master k sak offset
. mErijjumus visam tiesi
Repository .y = . = .
saistitam sistemam, iznemot
Pulse Former and Reader Master O, un saglaba visu
A offset datu sava HDD
‘l To Slave

Laika mériSanas sistéema Master k. Tai ir savs augstas
kvalitates Laika un Frekvences Standarts un ari iespéjas
sinhronizéties UTC.

ERAF projekts Nr.1.1.1.1/16/A/174. Informativais seminars, 2018. g. 26. marts

INSTITUTE OF ; _ .
ELECTRONICS AND Jevgenijs Buls  Notikumu laika noteikSanas metodes # 19/24

COMPUTER SCIENCE



8. Event Timing lidzek]i laika skalas sinhronizacijai

Slave Timing sistémai ir

User interfaces nedargs MultiFunctional
N Ever_1t _Timer (MFET) ar
ToMaster || py|se Reader Slave Timing System precision <1O_ PS.
<€ = 3 andReflector Offset novertéSanas
1: H procedura Slave sistéma
sniedz timéSanas datus
A par registrétiem
Events for MFET éfli\?:izlrjd nc_>tikumiem un uz_to_
timing bazes Master aprékina
EIFO offset vértéjumu.
Jebkurs lietotajs, kam ir
{} nepieciesami
Ethernet taimésanas dati no Ts

Laika mérisanas sistéma Slave. Ta balstas uz iekséjo Slave sistemas, var

quartz oscilator un etalona frekvences sanemtas no sava Sanemt offset
Master caur optisko vai platjoslas fiberi. vértéjumus no Master

sistemas.
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9. Etalona frekvence parraide un offset novertésana

Etalona frekvences parraide caur optisko kabeli nodrosina |oti augstu
stabilitati I"dz 2-10-1> viena sekundé vai 10-1® desmit stundas.
Tada augsta frekvences parraides stabilitate |auj novértét gravitacijas
letekmi un attiecigi novertét augstumu ar 1 cm precizitati.
| | R | R tl R tl R tR
[ b t 3 s U3 Y 5, 5 _ tll _|_th
Master time 1 2

| R
s LAY
) Al _tl o
| Sla|1vet|me

t; ts t3 ty t
Offset novertejuma procedira.

Master sisttma momenta t' sava laika skala parraida impulsu uz Slave sistému. Slave
sistéma caurspidigs spogulis atstaro So impulsu, bet MPET registré impulsa
pienakSanas momentu sava laika skala. Proceduras beigas laika momenti no Slave
tiek savakti Master sistéma un Master aprékina attiecigus offset vértéjumus un
saglaba sava HDD prieks visiem lietotajiem.
Piedavatas laika mérisanas ierices precision ir 5 ps Master sistéma (A034-ET) un 10 ps
Slave sistéma (MFET). Tas nozimé, ka offset noveértéjumam precision ir 11 ps. Viduvéjot
100 novértéjumus varam sasniegt 1 ps precision.
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10. Vienlaiciga sinhronizacija JUNO sistema

JUNO neutrino teleskops ir 37 metru diametra sféra aizpildita ar tdeni. 1500
fotoreizinataji ir vienmerigi sadaliti pa visu iekSéju virsmu ar attiecigu elektroniku
ara. Fotoreizinataji ker Cerenkov luminiscence, kad netrino lido caur Gdeni.

¢ tl Frequency
t2 distribution
card

A
/ \ Data A, =t - t’

/ \ acquisition
ED LL) " 0 card
\ | A, =10 -t
\ [ [ o
\ L /? dlst(r;:rl:jtlon

- Phototube with ET and necessary functionality card
Vienlaiciga sinhronizacija JUNO teleskopa.
Vadosa sistéma laika momenta t° padod impulsu uz LED un visi fotoreizinataji

registré gaisma impulsu savas laika skalas. Savacot Sos laika datus, var
novertét katra reizinataja laika skalas nobidi.
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11. Secinajumi

Laika skalas sinhronizacijas izplatitas laika mériSanas sisttmas nodrosinasana ar
WR iericém prasa WR ierices nopirkSanu vai izgatavoSanu un pieslégsanu visas
meériSanas mezglos. WR sinhronizacija |auj nodrosinat

frekvences stabilitati 10-1°, laika skalas accuracy <1 ns un precision 50 ps.

Piedavata metode izmanto tajas pasSas laika mériSanas iericés, kas ir katra
meériSanas sistémas mezgla.

Frekvences parraide ar optisko kabeli nodrosina frekvences stabilitati augstaku
neka 10-18,

Projekta ietvaros tiks izstradatas divas ierices: dargaks tacCu loti precizs AO34-ET
(<5 ps) un Iétaks MFET ar labu, bet zemaku precizitati (10 ps). So laika
mériSanas iericu lietoSanas gaidijuma var nodrosSinat laika skalas accuracy I|dz 10
pS un precision lidz 11 ps.
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