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PyougoueBbin reHepaTop Kak
MCTOYHUK 1PPS norpelHoCTbIO
MeHee 100 HC B CYTKW®



Obnactn npumMmeHeHus

« CekyHabl/cyTkm (10-°) TakTOBbIE KBapLiEBble reHepaTopb!
[1K, Hapy4Hble 4Yackl 1 np. MEMS rexepaTtopel
e Mwunucekynabl/cyTtku (10-8) TCXO TepmokomneHcupoBaHHble KI
JlabopaTtopHble Npnbopsl LC*
10/100BASE Ethernet (Tx|RX) MEMS reHepatopbl

MukpocekyHabl/cyTkn (10-11)
CeTteBas H(pacTpyKTypa (TenesellaHmne, coToBasi CBA3b)
[Mpuem coobLieHnin B T.4. PUHAHCOBbLIX (CUHXPOHM3aLNSA TpaH3aKLMii)

Hasurauus (I/IHele,l/IaJ'IbHaFI, BbICOKOTOYHAaA CI'IyTHI/IKOBaFI) Rb

FIREERT HQOCXO (TepmocTtatupoaHHble KI')

» HaHocekyHabl/cyTku (10-13)

Space Rb
BocnpounsseaneHne BpemMeHu Cs
GNSS (bopToBble aTOMHbIE Yachbl) H

Pusmnyeckme aKCnepuMeHTbI
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TunoBaga nesunauus
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Haber dpasbl 3a 1 cyTKM B 3aBUCUMOCTU OT

rabapuToB 1 dHepronoTpeodreHnsa NCTOYHUKA
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3. L. Schmittberger et al., “A Review of Commercial and Emerging Atomic Frequency Standards”, IEEE TRANSACTIONS ON ULTRASONICS,
*ERROELECTRICS, AND FREQUENCY CONTROL, pre-published, 2021
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XapaKTepUCTUKU
youaneBbIX reHepaTopoB

Nan Deviation ay(t)
1E-10 - .

Trace HP 5065 A
FE-5680A FS725

LPRO-101
PRS10 8 oo sesovonsrsris | _maam 4 1 |

HP 5065A (tvb)
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5x7.5x10=375cm?

22x12x12=3200 cm3 2.5x9x12=270cm?

Double pw-optical
resonance

Chengdu XHTF1031
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@ XHTF1031
o008

Time

UK. 75cm?3. 8W USA, 5x5x2=50cm?, 100g, 6W China. 50cm>, GW

FR, 50cm?, 0.5W

Russia 5x5x2.5=63 cm3, 6W
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[TpnHUKMN paboThl NacCUBHbLIX
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dusnyeckmn moaynb

Rb Gas Cell Physics Package

Magnetic Shield
EENNNNN I RE
Lamp Oven Filter Oven Cavity Oven Excitation
Lamp Filten Absorption)
Lamp TR_OF a7 Fhoto- Slgna|
Exciter — ——— Detector Out
Soh | \Cell) \__Cell
C-Kield Coill .
oo o000 oe C-Field
Current

(3) Oven Temperature Sensors and Heaters
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MAC — MUHMaTIOPHbIE
aTOMHbIe Yachl

1E-10

Morion RFS-M102 ADEV and PN (10 MHz), LOW NOISE performance

Safran MRO-50 ADEV and PN (10 MHz), option S

Microchip SA55 ADEV and PN (10 MHz
;

1E-11

1E-12

1E-13
1

s 10s 100s 1000s 10000

SA.5X - from November 25, 2019

Morion RFS-M102
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CSAC

Photodetector
Upper Heater/Suspension

Resonance Cell

Waveplate

Spacer

Lower Heater/Suspension
VCSEL

» Tensioned polyimide suspension

4x3.5x1.2cm - 17em? - 35g -120mW

US Patent
#7215213

» Microfabricated silicon vapor cell

[ =
*j' m 3

S. Knappe (NIST). “A microfabricated atomic clock™, Applied Physics Letters, 2004
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Smaller cell —» Higher ADEV(7) = T 2
Q=xSNR
q N, @ 100kPa = 1Bar = 750Torr
1071 Paraffin wall coating
10710
10-12 4 Prototypes by ~_
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OKOHOMUKA

Quartz crystals ~5x10° ~$0.1 to $2,000
CSACs ~12,000 (7) ~$500 (7)to $5000 (7?)
Rubidium cells ~30,000 ~$1,000 to $10,000
Caesium beam ~500 ~$40,000 to 100,000

Hydrogen masers ~20

More than ~$100,000

Rubidium Oscillator EEETD. by TE0E

PRS10 — Low phase noise Rb oscillator

e <-130 dBc/Hz phase noise (10 Hz)

(SRS) STANFORD RESEARCH SYSTENS, INC.

2 RD
* 1 pps input FuBOUMFREUEIEY ST

e 72 hour Stratum 1 level holdover o
o RS-232 for diagnostics & control
e 20 year lamp life

~$5B Very low to medium
~$15M (?) Medium

~$150M High

~$40M Very high

~$4M The best

Products Manufacturers Resources Tools

Documents & Media

Datashests

Product index > Crysals, Oscillators, Resonators > Oscillators > M-t Technabogy C0-03064-000

0.3W, CPT inside! 090-03054-000 s s | Applications
= ¢ Underwater sensor systems
h\‘é\ ers
e  racios
\q inted [ED jamming systems
1 10.0000MH2 SNW * Autonomous sensor networks

Time
G 10ve i S W W
Customar Reterence . ence m

HUHITHUHITHHITHI

of omems)

¢ Unmanned vehicles

Al pices are In EUR
PRICE BREAK uNIT PRICE

08003054000

€5.217,30

¥




TpeboBaHUA K NOrpeLLIHOCTH

CUHXPOHN3aLUNN

HQOCXO 1.5 2.2 4.4 6.6 Stratum level Stratum-3E Stratum-3
days days days days
Y Y 4 Y Frequency accuracy 1.0x10™ Il.sxm”‘ 1.0x10° 4.6x10°
Rubidium : 35 4 8 12 Frequency stability N/A fh.ox10™ 1.0x10° 3.7x10”7
days days days days Time offset per day 0.864 ps hﬂ- us 864 ps 32ms
Interval between cycle slips I, . .
(i.e. time offset > 62.5ps) 72 days 2 days 104 minutes 3 minutes
Cesium Rubidium CSAC 0CXO0
Typical frequency standard Rubidium, with MAC 0CNO X0
periodic calibration [High Quality OCX0

Use Case: Distributed Al

Resource Intensive to move data
to one machine or cluster

With the right precision, you can
train in many places

Then use the timestamps to
merge the results
Advantages:

Reduces data center
traffic/congestion

Save Resources

Reguwes end-to-end precision of

Across the data center
Globally
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[Tpobnembl GNSS
CUHXPOHU3aALUN

Control Flow In Holdover

Ehe New Nork Times

America Has a GPS Problem

The system is essential but also vulnerable. We need a backup. Open signal susceptible to : Total Operational SEICIES
: jamming and spoofing NOV 141C€
By Kate Murphy ) = aﬁacks

- Weak signal very
vulnerable to interference,
cannot penetrate buildings

- Regulations already
forming (EO 13905) to
require GPS alternatives /
backups on critical
infrastructure

SonGPs
[ 5 ang i
B Toble tg .0 it
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PeXXum yaepxaHus
(Holdover)

1 2 3 4 5
100 5 T
Aging = 5E-12/day
Af 1 ) o] Aging = 1E-10/day /
AT(’[) — TO + —7+ —At° + O'x(T) <+ E(T) Freq. offset = 1E-11
f 2 - 1—%—1_“_5_____________ ?%
e ]
§ 0.1 —5/ 5 L
. . . 0 E |
1. Time-offset (synchronization) § Omi /
2. Frequency-offset (syntonisation) 3 . .
3. Frequency-aging 1E3 8
4. Statistical fluctuations (TDEV) :
5. Environmental fluctuations A R A A AR
a) Temperature Holdover Time (hours)

b) Pressure
c) Acceleration, vibration, shock, 2g-tipover

d) Radiation
e) ...
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pend 4YactoTtbl (Aging)

RFS-M102

FE-5680A
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4..5E-13/cyT

HC/CcyT

B Ll

~1E-12/cyT
<50 Hc/cyT
o

L] W
ol
l

— 4 ropa —

Smih 10mth 15mih

20mith 25min

182w3d12h

Refmeas 10MHz, FO=0.00000

30 days (forecast)-0.00032 ppb per day

30 days (forecast)-0.01110 ppb per month

30 days (forecast)-0.09521 ppb per year

30 days (forecast).-0.35287 ppb per 10 years
Forecast formula:0.10-0.150Ln(t/354 S3+1)
Backcast:0.00148ppb(last 5) 0.00027ppb(5-10)

Backcast:0.00053ocbllast 7Y

AT (z) =To +

Start day. 06.04.2022 14.56 End day. 28.08.2024 18.22,

A
—',frJr

275 days total;

Tyrs182w3d12h 2yrs 2yrsis2wiaizn 3yrs

iyrs
Start day: 08.04.2021 17:08,End day: 28.08.2024 18:27, 1238 days total;
Ref.meas 10MHz, FO=0.00000

30 days (forecast)-0.00103 ppb per day

30 days (forecast)-0.03089 ppb per month

30 days (forecast).-0.37520 ppb per year

30 days (forecast)-3. 75800 ppb per 10 years
Forecast formula:0.07-0.00t
Backcast:0.00830ppb(last 5) 0.01241ppb(5-10}

Backcast0.00577oobilast 71

3

/

e
—A1”

2 + 0,(7) + €(7)

[

FE-5650A

dF/F ppb

4..8E-13/eyT
HC/cyT

—_~

-0.100

«— 1.5E-10

«— 2ropa —

0200

Start day: 27.06.2022 09:25,End day: 28.03.2024 18:31; 793 days total,
Ref.meas 10MHz, FO=0.00000

30 days (forecast).-0.00042 ppb per day

30 days (forecast):-0.01259 ppb per month

30 days (forecast):-0.15315 ppb per year

30 days (forecast)-1.53154 ppb per 10 years

Forecast formula:0.00-0.00t

Backcast:0.00003ppb(last 5) 0.00002ppb(5-10)

Backcast:0.00083pokilast 7

30|

T
10 \iﬁiequency equilibration

=101 Linear~

frequency

Fractional frequency x 10'2

aging N
-40 ~
-50
0 200 400 600 800 1000

Time since activation, days
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3aBUCUMOCTb 4YacCcTOThbl OT
Temneparypbl

M7241 2024-08-08 09:54:38 M7241 2024-03-08 03:37:46
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* [ucrepesnc meHee 1E-12
« 2E-11 B gnanasoHe temnepatyp 80 rpagycos
« TYX Ha 1-2 nopsigka bonbLle CyTOYHOro CTapeHud

1 2 3 4 5

A 1
AT(t) =Ty + —fr + AT’ + o.(7) 4 €(7)

2
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RFS-M102 ¢ BHEWWHUM
TepmMocTaTomMm

' \ZP/ BHelwwHU TepmocTaT \ LY

RFS-M102 FE-5650A

-

{ll.‘

1
+ EAIQ + o, (7) +
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Pe3ynbTraThl yaepXaHus
doasbl

Frequency Difference Phase Difference (Zero-based)
Averaging window: 100 seconds Averaging window: 100 seconds
+2.50E-11 +1.00E-Ts
+2.00E-11 +8.00E-8s
+1.50E-11 +6.00E-8s
A
+1.00E-11 +4.00E-8s \
< HOYb —><+ pab. AeHb
+5.00E-12 : : p - Ae +2.00E-8s 58 HC _——
0.00E+0 0.00E+0s | /=

-‘_> > [

-5.00E-12 -2.00E-8s = i
e _ CUHXP. yaoepkaHue
-1.00E-11 = L -4.00E-8s
CUHXP. yaoepxaHue
=1.50E-11 =6.00E-8s
=2.00E-11 —-8.00E-8s
=-2.50E-11 -1.00E-7s
0s 7800s 15600s 23400s 31200s 39000s 46800s 54600s 62400s 70200s 78000s Os 7800s 15600s 23400s 31200s 39000s 46800s 54600s 62400s 70200s 78000s

FE-5650A npounssoactesa AO MopuoH
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BbiBOAbI

« PybuaguneBble reHepaTtopbl MOTyT BbICTYyNaTh «XpaHuTerniem gasbl» C
norpewHocTbio MeHee 100 HC B CyTKM

« CT1abunbHOCTb TEMMepaTypHOro pexuma (Mnu TepMoKoMneHcaums)
reHepaTtopa BHOCUT HanbonbLUMW BKMa4 B NOrPELUHOCTb YaCcTOThbl Ha
CYTOYHOM MHTEepBarne.

* TOYHOCTb CNMYEHMA 4YacToT U da3 uMeeT npuHUMnNmManbHoe
3HauyeHne pansi obecnevyeHust 3adaHHOM MOrPELIHOCTU, HO He
SBMSAETCA XapaKTEPUCTUKOM KOHKPETHOroO BMAaA reHepartopa (T.e.
crnpaBeanueo Ans foboro NCTOYHMKA)
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CIACUBO 3A
BHUMAHWE
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