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The Clock Signal
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v(t) = Vo |1 + a(t)] cos [wot + @(1)

Cartesian coordinates v(t) = Vp coswot + n.(t) coswot — ng(t) sin wot
under low noise approximation

‘nc (t) | < VO

and

‘ns (t) | < VO

a(t) =

It holds that
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Self) and Z(f)

Phase noise PSD Sy (f)

Units
Sgp(f) — ZF{C%O ()}, f>0 (Autocovariance) S —> [rad?/Hz]
Se(f) =2EA®(f)®"(f)}, f >0 (WK theorem) 10 Log10(Se) —> [dBad2/Hz]

o)~ 3 @ () >0 (messunea)

The IEEE Std 1139-1999 defines & (f) as

Units

10 Log1o(#) —> [dBc/HZ]
Unit of angle V2 rad = 80°

The obsolete definition of Z(f) is Fo B

~ SSB power in 1 Hz band —>| —

Z(f) =

The problem with this definition is that it does not divide AM noise . N
from PM noise, which yields to ambiguous results V0'+f "

carrier power




Polynomial Law

two-port devices
and oscillators

oscillators onl
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The integrated 1/f noise is amazingly small  In(A;/7p) ~ 140



Phase Noise —> Time & Frequency Fluctuations °
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Additive vs Parametric Noise

4 ) 4 )
additive noise parametric noise

RF noise,
close to v,

--------

stopband passbana stopban stopband passband stopban
V V
0 0
the noise sidebands are the noise sidebands are
iIndependent of the carrier proportional to the carrier
\_ Y, \_ Y,

R. Boudot, E. Rubiola, Phase noise in RF and microwave amplifiers IEEER T UFFC 59(12) p.2613-2624, December 2012.



Combining White and Flicker Noise

b_4 = constant vs. P
by = No/Pg = SNR
fe=_1/Ng) Pg

2 by , low Py

%

S Po
g> : by , high Pj

fe fe

The corner frequency fc, sometimes specified in data sheets
IS a misleading parameter because it depends on Po



Example — Microwave Amplifier

-100
Ciao Wireless amplifier 10 GHz

L(f), dBc/Hz

—1 80 V. Giordano, June 2018
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The Leeson Effect



An Oscillator Model

With trivial changes — This describes oscillators from low RF to lasers

sustaining amplifier output buffer
N~ ‘: output
Pr-H >
E % % E VO[1+O((t)]
. 1 cos[wt+(t)]
- 6(t) u(t) J
frequency fluctuation

Steady oscillation Phase noise & frequency stability

- Barkhausen condition A(f) B(f) = 1 *|_eeson effect (Q, vo, noise)

» Gain compression sets |AB| =1, * Resonator stability

» Closed-loop condition sets arg(A3) =0 Output buffer
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AGeneraI Method to Solve PN Problems ™

[1+£(t)] cos|wgt+p(t) - [1+a(t)] cos[wgt+(t) * A Dirac of(t) in a trig function?
device o NOPE

U {{;} * Replace with Heaviside
' u(t) = [ o(t) dt

» Calculate the response
* Differentiate

[1+¢€(t)] cs[wot+q)(t)]
e

Convolution theorem
X(t)=y'(t) = x'(1) =y (t)
set a small phase or amplitude step k at t=0, and linearize for k=0

cos(wyt)  t=0 1+ otcosfw t+p(t)] There Is a catch

& » We assume that the fluctuations are
é\:} K Jbpeolt) di averaged over multiple limit cycles
K Joyp(t) it (and goodbye Floguet vectors)



Resonator’'s Impulse Response
u{t;

resonator | [1+&(t)] cos[wyt+(t)]

Q, w,

E.Rubiola, Phase noise and frequency stability in oscillators, Cambridge 2008,

E. Rubiola, R. Brendel, A generalization of the Leeson effect, arXiv:1004.5539 [physics.ins-det]
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The Leeson Effect

Phase-noise model

&

/L|)(t) PN \V(S) noisy amplifier

.

relaxation time

file: ele-PM-scheme
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Laplace transform
inverse-transform

~ phase-noise transfer function pairs @(t) & P(s)
oft) & D(s) B(s P(t) o ¥(s)
(s) (s) definition b(t) < B(s)
1 s 1/7 h
— feedback _
H(s) 1 — B(s) theory \B(S) s+ 1/7)
resonator H — L + 57 Leeson
P (8) = o effect
complex plane transfer function
H(Gf)I




So(f)

Oscillator Noise — Real Amplifier

A - Low-Q, fluctuation-free resonator B - High-Q, fluctuation-free resonator

AN
S~
N
S 3
1/ f3 dp) 1/f apparent
corner
oscillator
/Ioop oscillator loop
2
1 . /
=58 /1 ) 1/f
\\ ~ | 0 \\\\.\ < fO
f Tise TS : f amplifier | | S e m . — — —
f ‘#---\-i ----- -@ --------------- o i buffer
sustaining > . iLeeson
| S 4L buffer | icorner

amplifier

The sustaining-amplifier noise is Se(f) = bo + b-1/f (white and flicker)
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The Effect of the Resonator Noise

S(f) G - Low-Q, real resonator Sp(f) D -High-Q, real resonator
\\
\
\ 1/f4 \
\‘I 1 oscillator loop \\1 /f )
\
\\ \/ \ \\ resonator
\ . 1/f3 \ Ne— fluctuations
2\ N resonator \ \
% N fluctuations =\
\ / >\ N1/
\ \\ oscillator loop
\ @ \ A \
A Y \ apparen S \ apparent

j’b"-\ \®‘/ corner \\ N\ corner
= A P 1/F2 i :

~ \ AN Leeson corner
s Y \
\\ ~ : l O
\\ * : | f
RIS
f ‘!'-- R D R B A N L i
sustaining ! S £ e T e T R
P : N buffer
amplifier i ——_—e = —— -

The oscillator tracks the resonator’s natural frequency, and its fluctuations
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Example from the Real World
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DRO100, 10 GHz DRO

Synergy Microwave Corp.

AR b, =1.41x107"

i aui e 0g = 1x10717

E ] i f, Hz
100000 1000000 10000000

f. =100 kHz fi =3.75 MHz
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Resonator Noise
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Figures from: Numata K, Kemery A,
Camp J, Thermal-noise limit in the

In some fortunate cases,
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the origin of 1/f frequency noise is known

frequency stabilization of lasers with rigid

cavities, PRL 93(25) 250602, Dec 2004

Frequency Noise [Hz/rtHz]
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Fabry Pérot cavity
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5 | | === Calculation result (case No.1)
—  Experimental result (NIST) Spacer contribution T , "‘
=== Mirror substrate contribution H<_ |
R l Coating contribution - /
e e e — v
| e |
. ~ = 12cm g
Exr;)erimental éresult (VIRGO) Numata prOVideS falrly
5 ; : : . : , accurate prediction of
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5 P - - , 5 ) 1/f noise
10 10 10 10 10 10° 10 10

Frequency [HZ]

See also T. Kessler, T. Legero, U. Sterr, Thermal noise in optical cavities revisited, JOSA-B 29(1), 2012



1/f Noise and FD Theorem

Flicker (1/f) dimensional fluctuation is powered by thermal energy

-

ature of solids, Dover

A. Holden A, The n

Debye-Einstein theory
for heath capacity

~

A single theory
explains

* Heath capacity

* Elasticity

* Thermal expansion
.. and fluctuations

Fluctuation Dissipation

S(f)
kT

RERRE

thermal bath
B

, A
k

f

H110-@
H1100-@

Thermal equilibrium applies
to all parts of spectrum
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Thermal 1/f from Structural Dissipation

Structural dissipation
nanoscale, instantaneous

Dissipated energy FE —= JF dx

Small vibrations

The hysteresis cycle keeps the aspect ratio

L xg lost energy in a cycle

Thermal equilibrium
Dissipation in solids Is P =kT in1HzBW
structural (hysteresis) 2
P o kTx;

There Is no viscous xg X l/f —> flicker

dissipation
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The Volume Law

Experiment * The 1/f coefficient b-1 is independent of
' power
 The flicker of a branch does not increase at
P/2

* At the output,
» the carrier adds up coherently

* the phase noise adds up statistically

 With m branches, the 1/f PM noise is
reduced by 1/m

* White noise cannot be reduced Iin this way

Gedankenexperiment

» Flicker is of microscopic origin because it has Gaussian PDF
» Join the m branches into a compound
 1/f noise is proportional to 1/V, the volume of the active region



Volume Law

optical resonator (10-7?) optical fiber (10-12) 5 MHz quartz (10-13)
(50 pm?) x (1T x 5.5 MmM) (50 pm?2) x (2 km) 0.3 x [Tt x (2/2 cm)2 | x (0.1 mm)
=~ 1x10-12 m3 =~ 1x10-" m3 ~ 1x10-8 m3

sapphire resonator (<10-16)
0.1 x [t x (5/2cm)2] x (2.5 cm) = 5x106 m3

-80 - —95
l frAare in narallal ~
-90 T 1000y @ (Residuals 3288 ms) ) oo
. _8 286nm N\
100 e L
© \ Cyclone II
y o 10 N S YT
; | - \ @ 180 conditions
S _1on = _115f @y e @) M discarded | |
Lc%s ] = @ E Cyclone
© ] Cyclone lll: % 130 nm
= -130 _% =120 gy N C(CHE S dBldee
P . @) \
-140 GC) — D25 R T .
- m \\
-150 ; AR (gc —130F "'andFPGA ------- T -Max-3000 -
I 1 U 13 11 3/ noise vs size 200 nm
=160 4———rrrrrr— e ~135 R TR

1 10 100 1000 10000 100000 10° 10°  Technology, nm 10°
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Challenges / Questions for This Community’

(1) Which resonators can be described by hysteresis ?
(2) and ...

ADEV

frequency
fluctuation

1/V law

no evidence of

1/f at 1017 level MACTOSCOPIC &

. microscopic systems

( )
atomic

..
&
O
L
2
X C X
8
. @
L
~~
3
_Clocks | g

1-30 atoms Volume V
Oor IoNs



Phase Noise Measurement Sets
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VCO

synth
S
—

REF A
DUT

©
—

REF B

VCO

PLL

The NIST Scheme

2-channel

| -
0
N
'
-
R
|_
LL
L

Average cross spectrum <Syx>
*rejectsaand b
* ideally, converges to Sc

However

» dark-port noise
<Syx> converges to Sc — Sy

 DUT AM noise

» correlated DC fluctuation

* positive or negative correlation
e ...and other flaws

Consequence
* the error can be negative

25



Syx With Correlated Term k=0

All the DUT signal goes in Re{Syx}, Im{Syx} contains only noise

var=1/2 var=1/2||var= k2/2 var=1/2 || var= k2/2 var= K2/2

Real
§R{<Syx>m} _ % {@/j/ n B//A//>m]—|—@,é/ 4 B/,q”>rmj+ <A/éi/ +4:/C//>frrJ+[<(é:)2 4+ (C;N)2>mj}

white, x2, 2 DF

|
' Lo I .. N ‘ I :
Bessel Ko, I I 1 Bessel Ko, | .
avg=0, var=1/4 ' . avg=0, var=Kk2/4 I ! avg = K2, var = K*
v v v -
Gaussian, Gaussian, Gaussian,
avg = 0, var = 1/2m| |avg =0, var = k¥/2m | |avg = 0, var = K2/2m white, x?
e G ; _ 0 — (119x2)/2 2m deg. of freedom
\ aussian, avg = 0, var = (1+2k2)/2m j avg = K2, var = k4/m

Note: DF < 2m
See vol.XVI p.56

Imaginary
S{(Syz), } = F {KB’:A’ + B;A”>m]+ @B”g’ — BLO”>mj+ M’C” — 4”C’>m]}

A |

“ Bessel Ko,
avg = 0, var = K2/4

Bessel Ko,
avg=0,var=1/4

|
| | |
| | |
| | |
v 4 v
Gaussian, Gaussian, Gaussian,
avg =0, var =1/2m avg = 0, var = K2/2m| |avg = 0, var = K2/2m

[ Gaussian, avg = 0, var = (1+2k2)/2m j

Normalization: in 1 Hz bandwidth var{A} = var{B} = 1, var{C}=k2 A, B, C are independent Gaussian noises
var{A’} = var{A”} = var{B’} = var{B”} = 1/2, and var{C’} = var{C”} = k2/2 Re{ } and Im{ } are independent Gaussian noises




Problems with Digital Electronics

» Large averaging power for cheap encourages
thoughtless trust in noise rejection

» Manufacturers use |Syx| instead of Re{Syx]}

...and something has to go wrong

27



International vocabulary of metrology 3rd ed, ©JCGM

Type-A, Type B, and Null Uncertainty

2.28

Type A evaluation of measurement
uncertainty

Type A evaluation

evaluation of a component of measurement uncer-
tainty by a statistical analysis of measured quantity
values obtained under defined measurement condi-
tions

J

2.29
Type B evaluation of measurement
uncertainty
Type B evaluation

evaluation of a component of measurement
uncertainty determined by means other than a

Type A evaluation of measurement uncertainty

\

J

4.29
null measurement uncertainty

measurement uncertainty where the specified
measured quantity value is zero

NOTE 1 Null measurement uncertainty is associated
with a null or near zero indication and covers an interval
where one does not know whether the measurand is too
small to be detected or the indication of the measuring
instrument is due only to noise.

~N

J

A —> Data-series statistics

Averaging multiple FFTs results
IN reduced uncertainty

B —> Enhsemble statistics

Averaging multiple FFTs results
IN reduced uncertainty

Null —> Detection threshold

When the error bar Qx+U hits O,

JCGM 200:2012

International vocabulary of
metrology — Basic and general
concepts and associated terms
(VIM)

3rd edition

2008 version‘with-minor' corrections

Vocabulaire international de
meétrologie — Concepts
fondamentaux et généraux et
termes associés (VIM)

3% édition

Version 2008 avec corrections mineures

the outcome is Q=0 with null uncertainty U



Type-A, Type B, and Null Uncertainty

(1) m = myg m IS the no of
-9 averaged spectra
_ _ _ A Type 4.2x10
* A-type (noise-like) uncertainty Comb. 4.6x10~°
| 10 B Type 2.0 x 1072 (all) 163
* B-type (system) uncertainty : @) m =10 m, ™
. -9

» Combined U2 = A2+B2 N o] _ ADpezdac . 1es

% Comb: 3. TxT0
o uRegularu case S - SO + U g 7 (3)m_102m —166
o - 0 —167

. . 6 _
» Zero uncertainty, appliesto S>0 © AType 7.4x107"0 168
Wh . S N U h-t O X 5 Comb. 2.1x10 (3)m=103m0 _169
€ 0 = IS U, & dTTT 7 TTT - ATypE T3X1079 ‘1;‘1)
2 Comb. 2.4x107° [ .-,
0 2- _180F —178
JTESETTTTTTTTTR T 84
) ) —-190
Pushing the instruments to the limit
\_ W,

takes deep understanding of the system and of metrology

Phase noise, dBcHz



resonator

The Rohde-Colpitts Oscillator

U. L. Rohde, Electronic Design Oct 11, 1975 p.11, 14

100
D 12V
0001 uF
2N9I8 o ,—.___E |
\ i 4 MHL
@ :
| J 20—30pF 200mV/2
10k Q)|
2.2k : e 22 22nF - |
RS Ll FURE LT
C ]
* Off resonance, either X >> Rs or Xc >> Rs
L

* The motional resistance Rs is not coupled to the output
* No thermal noise from Rs —> output
* The quartz also filters out harmonics and spurs

30



Practical Ultralow-Noise Oscillators

Thermal-limited oscillator

sustain. ampli : buffer

thermal

1Z] = 50Q

31

Sub-thermal oscillator

sustaining buffer . filter resonator

. amplifier
main

resonator

IZl =50Q0 f<f,
IZl »50Q0 f>f,

| bias

Something weird must happen
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What Happens at the Instrument Input

The correlation thermometer has been in use since =1960

N, = KT, a [ o X = (a—b)//2
P N/ R
Ro O b y = (a+b)/{2 PO 1o
% noise _0° °
N_. =KIT
carrier S S R()

@ noise P_/2

1
Syx ) K(To=Ts)

Also internal crosstalk, and AM to DC-fluctuation in the mixers



...But Instruments Display |Syx(f)

0

Public domain material

| Courtesy of C.W.Nelson & A.Hati, NIST

-80
-90
-100
-110
-120
-130

-140

SSB Phase Noise (dBc/Hz)

-150

-160

-170

-180 I 1
1 10 100 1k 10k 100k 1M 10M

Frequency Offset (Hz)

A forthcoming paper by Y.Gruson, U.L.Rohde, A.Roth, A.Rus, E.Rubiola



...And Something More
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Oscillator Instability Measurement Platform®

Microwave photonic oscillators Digital Electronics & Metrology
Three-cornered hat noise measurements
* Si Monocrystal FP, Bragg @ﬁem
- ¢
MIrrors SUT 31
* 17 K natural turning point (), A Tl counters detector ¢p,,
» Projected stability 3E-17 are commercial | .
° Flrst teStS ) BIPM CMC prOd UCtS detector detector
 COFRAC, top level P
Also « 2 FS combs Ref.2
* Compact FP cavity, A3 size breadboard » 10 mK dilution cryo — exact 1/f slope ? ]chstZr?;ing )
© Prop-Integr Temp & N o GamTeMOT o sodBganm | o
ngostat sat hygro contr. rooms 5 S - -
® REFIMEVE'I' IN prOgreSS ° ULISS traveler g 40 | 75decades 4 %d 90
- White Rabbit o . a
accurately . . . . D 2l
* Frequency distribution on fibers T T T e gl -110
. U S
- v =
Jl@- _ — Tlme SyStem O _80 ) .gﬁ ~130
masers 1 ns accurac . . . =
3(H330|ocks 200 ps repea}’:ability 3rd Tlme Slte In France % _ 8
£ —100|Brlmtrstiemen bt s e gt -150
* 3 Hmasers & 3 CS o o S PV A S T B SRR
S,(1Hz) = -58.30 dBrad“/Hz: ; ; f g g
« TWSTFT 1 | e Facngpos vong e ; S ? - ~170

10° 10% 10° 107 10t 10° 10! 10% 10° 10* 10° 10°

* Common view GPS Fourier frequency, Hz



Liquid-He Sapphire Oscillator

Cr3+ Fe3+ doped
AloO3 mono crystal

$=~5cm,H=3cm

Whispering Gallery
H mode

10 GHz resonance HY
Q=2x10%9at5-7 K F 7

Pound Galani Oscnlator

............

| out

W

..................

power
detector

)

V ~ V-V,

 Pound frequency lock to the cavity
e The same cavity is used in the VCO

Overlapped ADEV

Paramagnetic
temperature

WG.H16 0.0 mode at 11.565 GHz
L Af, Hz | |

20
compensation ol o
40§ / . terpperature,. K
R (A 7
oo A

10-13
F Y P

14|
10 77}

|e-e B
 |e—e C
| % % C(neg) [
- |m--m t. bench

|
! S} .
!
- ! 8' , |
-17 =0 ' KN .
10 _ \E g) ........................ )(70\76 !. U
: » O /Té’/q \,.
- c . \I*'l : N
E T © PO DN ;I.-
: . N'm
L ' ».
| , ¢ s
10-19 C".‘CC'.Qati'.Zp'.7"'.Dr‘oget‘t|:Z;';‘;Smted. ‘Develop’ '3;}=r~‘1ga‘sg'jas"23=C‘:§O'.0:1=D:‘rect+‘8[‘lc‘>t‘e}38=III\'IE T l ) _ ~ [
0 1 2 3 4 5
10 10 10 10 10 10
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EUROPEAN FREQUENCY AND TIME SEMINAR

 Crash course on T&F for newcomers

* Oscillators, measurement, atomic
standards, time scales, and general topics

EFTS Participants

* Broad target audience: PhD/PostDoc TR T T raryeymy
Students, Academics, Private Company Engineers . |

» Balance between academic and applied issues I~ _/\

» Instructors from leading European institution —

» Plenary lectures 23 H, labs 12 H in small groups ———

» Capped no of participants, set by the labs o e

60%

Every year in Besancon, end June / beginning July E /\///\/

10%

htt p ://efts - e u 0%2013 2014 2015 2016 2017 PAONRS 2019
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