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Clocks and Frequency references

Intrinsic ADEV

1S-ADEV Aging (/da Power
Technology | Accuracy | oy | floor | PSS |
H-Maser ~10L =10 ~1015 10-15to 1016 100 ~ 150X
Cs Beam ~1013 ~10t =404 =0 30 ~ 20X ‘
Passive HM =1L =1l0r2< ~1015 1015 100 ~ 40X s

Rb-Lamp 109 " 15
(Gas Cell) 10 10*to 10 10

0.125to
~6

Rb-CPT =10 10t to 1013

Hi-quality Qz 106to 108 10°to 101 ~5

RbO Rb Gas Cell (XPRO) Rb Gas Cell (SA.22c / X72) SA.3Xm (MAC) SA.45s (CSAC)
195l8 —1970s 1995 1997 2008 2011
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Agenda

= Oscillator stability in static environmental conditions
* ADEV, Phase Noise
* Performance during Power-on
* Frequency drift (Aging) & Time Error over 1 — 4 days
= Oscillator stability in perturbed environmental conditions
» Effects of rapid temperature changes during 6hr missions
* Effects of gravity
* Effects of Magnetic Field
» Effects of power disruption (retrace)
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Short-term Stability of Commercial Oscillators

= Generally, OCXQO'’s have superior phase noise and Short-term (<10s) frequency
stability compared to Gas Cell/ CPT clocks

Phase Noise Short term frequency stability, Allan Deviation
-60 1.E-10
® OCXO(spec)
70 o i M
= QCXO(measured) ®
80 m N~ ® Rb-CPT (Spec) I ’
- NG _: 1.E-11 m 3
-90 H Rb-CPT (Measured) H I
9\\ *\ * —
~-100 \‘ \ B Rb-Lamp (Spec) | G} ~ i Q...__ —
I \\~ \\ © ) \\
9 N «=Rb-Lamp (Measured) -~ ~ ~
3 \ \ - -
T-110 -\ \ 1 1E12 N il N
N -B-
\\ \\'I \_‘
-120 \\ \ TS
\\ " \ l\ ™
N N ~
—
-130 N q 1 e N
'\\ \\ \\\
140 S — 1.E-13
1 ™ 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04
| | | Tau (s)
150 : ® OCXO(spec) @ Rb-CPT (Spec) B Rb-Lamp (Spec)
1.E400 1.E401 1.E402 1,403 1.E404 1.E405 P P PI>P
Offset (Hz) = (QCXO(measured) = ===Rb-CPT (Measured) =—=Rb-Lamp (Measured)
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Output Frequency during Start-up

= Atomic Clocks take several minutes to acquire Lock before achieving specified
stability performance

Frequency Offset during start-up

= Once Locked, accuracy ~10-1°

—O0CXO

——Rb-CPT

—Rb-Lamp

9 10 11 12 13 14 15 16 17 18 19 20
Elapsed Minutes

. Microsemi | @ 3 Merache company © 2018 Microsemi 5



Long-term Frequency Stability: predicted versus measured

(11 - 7 - -
" AlSO known das Aglng y th|S IS hOW Measured and Specified Frequency Aging
much the frequency will drift over 6.0E-10 Vieasured:
one day, month, etc Rb-CPT2
_ _ 5.0E-10 ——Rb-CPT_1
= Unlike CBT, CPT & Lamp clocks will _| pbramp 1
have some measurable drift. 4.0E-10 —Rb-Lamp_2 |
Aging Range of Best XO’s:
—O0CX0 0.1 - 0.01ppb/day
~ 3.0E-10 (~3—-0.3ppb/mo)
=3
I
Device Measured Specification < 2.0E-10
Afreqg
OCXO 0.055ppb/day
0.06ppb/day 1.0E-10
(1.650ppb/mo) Aging Range of Rb-CPT:
0.1-0.3ppb/mo
Rb-CPT_l 0105ppb/m0 O30ppb/m0 0.0E+00 —n%
0.01 - 0.05ppb/mo .
Rb-CPT_2 0.010ppb/mo 0.10ppb/mo _1.0E-10
0 24 48 72 96 120 144
Rb-Lamp_1 0.010ppb/mo 0.05ppb/mo Elapsed Hours
* Rb Oscillators offer a 15 - 160x improvement in measured frequency aging.
Rb-Lamp_2 | 0.026ppb/mo 0.05ppb/mo * Rbis a 3-30x improvement over best claimed aging XO spec (0.01ppb/day)

e Microsemi | a @Mlcnocmp company
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Time Error: predicted versus measured (4 days)

= A simple time error estimation is to
use the aging rate, as reported Iin
literature[1],[2].
 Simplifiesto TE. = Y at?
— a: specified aging rate (frequency drift / time)
— 1. elapsed time

* Assumptions: no environmental effects
(temperature, vibe, etc), zero initial
phase/freq offset

= A one-off time error measurement
can be deceiving. Will the Oscillator
always perform the same?

ast change in Af/f

Variable aging rate will
influence Time Error

Slow change in Af/f

»
»

A Microsemi | a @Mlcnoculp company

Calculated versus Measured Time Error

1.0E-05 ~—Measured:

== (QCXO (0.06ppb/day)

* .
8.0E-06 Quartz (0.01ppb/day)
=== Rb-CPT (0.1ppb/mo)

6.0E-06 === Rb-Lamp (0.05ppb/mo)

=== Rb-Lamp (0.01ppb/mo)

4.0E-06

Seconds

2.0E-06

0.0E+00

-2.0E-06 L I I I
0 24

/

Aging Range o
0.1-0.01p
(~3-0.3p

Agi

f Best XO’s:
pb/day
pb/mo)

ng Range of Rb-CPT:
0.1 -0.3ppb/mo

/

48

Aging
0.0

Range of Rb-Lamp:
1-0.05ppb/mo

7

Elapsed Hours

2 96

*Note: Data for “Quartz” device was reported on datasheet and has not been measured by the author.

1. John R. Vig, "Quartz Crystal Resonators and Oscillator for Frequency Control and Timing

Applicatons, A Tutorial”, FCS, 1954,

2. D.B.Sullivan, "Characterization of Clocks and Oscillators”™, NIST Technical Mote 1327, 15990,
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TDEV to predict 24h Time Error

= Using the long-term drift

Measured TDEV versus Calculated Time Error
measurement data, we can take a Measured: |
statistical approach to Time Error T oo/
(TDEV) over a shorter window. ;:b;‘(:t::";:';”
« TDEV: time stability of phase versus an oo (005800 BT
observation interval (Tau) of a measured

/ (~ 3-0.3gpb/mo)

clock source.

Device m m m ging Range pf Rb-CPT:
- @ 8h @ 16h @ 24 5 OE.07 0.1 - 0.3ppb/mo
OCXO 200ns 700ns ~1300ns g Range of Rb-Lamp:
: 0.01 - 0.05ppb/mo
0.0E+00 !
Rb-CPT_1 25ns 90ns 150ns 0 4 24 28
Rb-Lamp_1 10ns 15ns 20ns *Note: Data for “Quartz” device was reported on datasheet and has not been measured by the author.

N Microsemi | a @Mlcnoculp company
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Agenda

= Osclillator stability in static environmental conditions
* ADEV, Phase Noise
* Performance during Power-on
* Frequency drift (Aging) & Time Error over 1 — 4 days

= Oscillator stability in perturbed environmental conditions
Effects of rapid temperature changes during 6hr missions

Effects of gravity

Effects of Magnetic Field

Effects of power disruption (retrace)
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Rapid Temperature Test (Frequency Response)

= Test scenario:
* Soak at a Hot temperature for 2 hours
* Rapidly cool 50 - -5 °C in 15 minutes

— Soak for 2 hours

* Rapidly heat -5 - 50 °C in 15 minutes

Frequency Change during Rapid Temperature Test (~5C/min)

1.2E-09
1.0E-09 [————— 50
HOT oT
8.0E-10 40
©)
~ 6.0E-10 30 ¢
T S
3 8
E L]
4.0E-10 20 g
2
2.0E-10 10
0.0E+00 0
-2.0E-10 ¢oLp i i -10
0 2 3 4 5
Elansed Hours
e=—=Rb-CPT_1 e==Rb-CPT_2 == O CXO_Tempco:+/-4E-10

e=Rb-Lamp_1

e==Rb-Lamp_2

= Ambient Temperature ( C)

— Soak for 2 hours
. Measured e Specification
Device - Specification
e Afreg. (max) Range
OCXO 0.85ppb +0.40ppb 0to+70°C
Rb-CPT 1 0.12ppb 0.07ppb -10 to +70°C
Rb-CPT_2 0.18ppb 0.07ppb -10 to +70°C
Rb-Lamp_1 0.05ppb 0.60ppb -25t0 +70°C
Rb-Lamp_2 0.03ppb 0.60ppb -251t0 +70°C

N Microsemi | a @Mlcnoculp company

The Rb Oscillators offer a >4x improvement in frequency stability
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Rapid Temperature Test (Baseplate temperature)

= Why Is the Rb-Lamp superior?

* Thermal mass, more powerful heater for
the lamp reduces its cold temperature
exposure

— 14W, 1.11bs, heat sink, larger Gas Cell

Baseplate temperature

70

Temperature (C)

0 1 2 3 4 5
Elapsed Hours

===Rb-Lampl_Baseplate ( C) Rb-CPT_Baseplate (C) == (0CXO_ Baseplate (C)

== Rb-Lamp2_Baseplate ( C) == Ambient Temperature ( C)

. Measured e Specification

Device - Specification

e Afreg. (max) Range

OCXO 0.85ppb +0.40ppb Oto+70°C
Rb-CPT_1 0.12ppb 0.07ppb -10 to +70°C
Rb-CPT_2 0.18ppb 0.07ppb -10 to +70°C
Rb-Lamp_1 0.05ppb 0.60ppb -25t0 +70°C
Rb-Lamp_2 0.03ppb 0.60ppb -251t0 +70°C

The Rb Oscillators offer a >4x improvement in frequency stability

N Microsemi | a @Mlcnoculp company
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Rapid Temperature Test (*Phase Response)

= Test scenario:
* Soak at a Hot temperature for 2 hours
* Rapidly cool 50 - -5 °C in 15 minutes
— Soak for 2 hours
* Rapidly heat -5 - 50 °C in 15 minutes
— Soak for 2 hours

Device Al\/rlgisTu [rr(:l(;x] Specification

OCXO 6.501s n/a
Rb-CPT_1 0.30us n/a
Rb-CPT_2 0.80us n/a
Rb-Lamp_1 0.05ps n/a
Rb-Lamp_2 0.10us n/a

N Microsemi | a @Mlcnoculp company

Time Error during Rapid Temperature Test (~*5C/min)

7.0E-06 70

6.0E-06 60

5.0E-06 LQaT.aqu HOT. 5o
0 4.0E-06 40 &£
= o
o / =]
= 3.0E-06 30 ©
@ 3
£ £
= 2.0E-06 20 @

1.0E-06 10

0.0E+00 - 0

-1.0E-06 Gotb . . -10

0 2 Elapsed Hour% 4 >

em=Rb-CPT_1 e Rb-CPT_2 e OCXO_Tempco:+/-4E-10
e=Rb-Lamp_1 ===Rb-Lamp_2 = Ambient Temperature ( C)

*The terms “phase” and “time error” are used interchangeably, in this instance

The Rb Oscillators offer a >8x improvement in phase stability

© 2018 Microsemi 12



20 tip-over test
O
= Flip the oscillator 180°, all three axes. Record frequency change.

= |mportant for mobile equipment applications
= Simulates “roll” of aircraft, ship, etc

n
)

Y-axis: long dimension

Oscill
La

/

Z-axis: “top” or “label” side

X-axis: short dimension

. Microsemi | = 3 Mcrocke company © 2018 Microsemi 13



20 tip-over test: X-axis

= AFrequency /g = (f . — frin)/2

Afreq/q Afreq/qg Afreq/q

Device - - !
e X-axis Y-axis Z-axis

-sensitivity test: "X-axis"
2.0E-09 & ty OCXO

1.5E-09 Rb-CPT_l

Flip 180° Flip 180° Flip 180°
1.0E-09 Rb-Lamp_1

5.0E-10 . ) )
X-axis: short dimension

0.0E+00

AHz/Hz

-5.0E-10

-1.0E-09 —— OCXO X-axis

—— Rb-Lamp X-axis

-1.5E-09
—— Rb-CPT X-axis

%
?
O

-2.0E-09
0 5 10 15 20 25 30
Elapsed minutes
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20 tip-over test: Y-axis

= AFrequency /g = (f . — frin)/2

2.0E-09

1.5E-09

1.0E-09

5.0E-10

AHz/Hz

-5.0E-10

-1.0E-09

-1.5E-09

-2.0E-09

0

g-sensitivity test: "Y-axis"

Flip 180° Flip 180°

5 10 15
Elapsed minutes

Mw

20

—— OCXO Y-axis
—— Rb-Lamp Y-axis

— Rb-CPT Y-axis

0.0E+00 MW

Flip 180°

Mo

25 30

OCXO 0.20ppb
Rb-CPT_1 <0.10ppb
Rb-Lamp_1 <0.10ppb

N Micmsemi | a @Mlcnoculp company

Y-axis: long dimension

Oscill
Lab
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20 tip-over test: Z-axis

= AFrequency /g = (f . — frin)/2 Sevice Afrealg Afreq/g
- X-axis Y-axis
) 0E.08 g-sensitivity test: "Z-axis 0CXO 0.20ppb 0.75ppb
1.56-09 r\.\,\y\ W f'\w Rb-CPT_1 <0.10ppb <0.10ppb
1.0E-09 Flip 180° Flip 180° Flip 180° Rb-Lamp_1 <0.10ppb <0.10ppb
5.0E-10 : .
Z-axis: top side
T <
‘E‘O-OHOO M'Wm .&é@\
>
< O% \/{bso
-5.0E-10
-1.0E-09
—— OCXO Z-axis
-1.5E-09 —— Rb-Lamp Z-axis
—— Rb-CPT Z-axis
-2.0E-09
0 5 10 15 20 25 30
Elapsed minutes

. Microsemi | = 3 Mcrocke company © 2018 Microsemi 16



Magnetic Field Sensitivity test

= Subject each axis to =2 Gauss. Record frequency change.
= |mportant for designing in power supplies, etc

= Magnetic field is used within atomic clocks
* Not expected to influence OCXO

Y-axis: long dimension

Oscill
La

/

Z-axis: “top” or “label” side

.| X-axis: short dimension

. Microsemi | = 3 Mcrocke company © 2018 Microsemi 17



Magnetic Field Sensitivity test: X-axis

= AFrequency / Gauss = (f .« — fmin)/2
* MAC is most susceptible

Magnetic-sensitivity test: "X-axis"
——Rb-CPT_Xn
——Rb-CPT_Xp

1.0E-10 ——Rb-Lamp_Xn

1.5E-10

——Rb-Lamp_Xp
——0OCX0_Xn
——Q0CX0_Xp

10| A
0.0E+00 | ! |i' | LUMI‘.J! il

LI MOl b ,
LAl mg’

5.0E-11

AHz/Hz

-5.0E-11

|
I‘IH ‘ ’
-1.0E-10
Magnet
N | here
-1.5E-10 L
0 3 6 9

Elapsed minutes

) Afreq/Gauss Afreq/Gauss Afreq/Gauss
Device . - -
E— X-axis Y-axis Z-axis
OCXO .

Rb-CPT_1 5.75x1011 1.3x1011 1.8x1011
Rb-Lamp_1 <1x101 <1x101 <1x101

N Microsemi | a @Mlcnoculp company

X-axis: short dimension
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Retrace test

|
24h ON 5 OE-10 Retrace: 24h_ON, 48h_rOFF, 12h_ON
VL= [ [ [ [
* (measure f,) —0CXO_Pre ——OCXO_Post
1.5E-10
- 48h OFF ——Rb-Lamp_Pre ——Rb-Lamp_Post
u 12h ON 1.0-10 ——Rb-CPT_Pre ——Rb-CPT_Post
* (measure f,) 5.0E-11 |
— T .
= Compute Af = f,-f; N 0.0E+00 * AL A'S ool A
-
= |mportant for power-down app’s 5.0E-11
Device | Relrace | Retrace | Retrace | Retrace | Retrace | Retrace -1.0E-10
- ih 2h 4h 8h 12h Spec.
-1.5E-10
OCXO 0.40ppb | 0.30ppb | 0.20ppb | 0.10ppb | 0.10ppb | £2.00ppb
-2.0E-10
0 2 4 6 8 10 12 14 16 18
MAC | 0.05ppb | 0.03ppb | 0.02ppb | 0.02ppb | 0.02ppb | +0.05ppb 48h OFF

Elapsed Hours

XPRO 0.02ppb 0.01ppb | 0.01ppb | 0.01ppb | 0.01ppb | +0.03ppb

Rb Osclillators achieve fast retrace

. Microsemi | @ 3 Merache company © 2018 Microsemi 19




Summary: CPT, Gas Cell and Quartz Clocks

Extreme
24h Temp g-

Magnetic

sensitivity | Re-trace
(AHz/Hz (AHz/HZz)
/Gauss)

Intrinsic 1S- ADEV Aging
Accuracy ADEV floor (/day)
(AHz/HZz) (AHz/Hz) | (AHz/HZz) | (AHz/HZ)

Technology | Holdover Stability sensitivity

(static) (-5to 50°C, | (AHz/Hz /Q)
5C/min)

101 to

Rb-Lamp <0.1lus ~10-11 ~10-11 ~10-12 ~10-1 ~10-9 ~10-11 ~10-13 10-13 10 ~ X
i 0.210 ~10-10 1011 1011 _10-11 ~10-9 _10-1 ~10-13 10*+to 0125  _
Rb-CPT 0.5 s 10 10 10 10 10 10 10 10-13 06 X

o .
Hi-quality 0510 14 ~10° : 101 |106t0108 -~10%2 ~10%2 190 g5 g5
Qz 2 US 10

Rb Oscillators offer excellent timing stability and a resistance to environmental effects:
* Resist Extreme temperature changes

* Low g-sensitivity

« Rapid frequency retrace after Lock

«  Microsemi | = Mcroci company © 2018 Microsemi 20
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