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The Clock Signal



The clock signal

v(t) = Vol1l + a(t)] cos|2mvyt + @(t)]

1N\

fractional amplitude phase

fluctuation fluctuation
carrier carrier

amplitude frequency

Frequency, Hz | Angular frequency, rad/s

Vv W Y = (U/ZT[ carrier

f w f — (U/ZT[ Fourier analysis, modulation

Often w is used as a shorthand for 2mv or 2nf
without saying, but the subscript is consistent
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The clock signal

. Voopp
v —
. . . 0 i \ |
Observed with an ideal oscilloscope —— | ‘0(5
Obsei;vation mpit e a(t) 5(\e\\leC
e
hi t . @) ?( gp(t) Ppp
““““““““ ' 5 \(\\5 g¢ phase
delay 7* ! v \le ". fluctuation \ o7
> N\O ‘/0 |
—:
Pure . Pure
AM noise /- PMnoise | ==al
4 amplitude 4 phase
fluctuation V()Cl(t)+ _(ﬁ:(?;)_ fluctuation

polar coordinates
v(t) = Vo[l + a(t)] cos[2mvyt + @(t)]
Cartesian coordinates
v(t) = Vycoswyt + n.(t) cos wyt — ng(t) sin wyt

@®®®| ©Enrico Rubiola
ORCID 0000-0002-5364-1835

amplitude/power/field fluctuations phase/time/frequency flucuations Low noise approximation
n.(t) ns(t)
. . . a(t) =—— and ¢(t) =—
7" is not the same “t” of the Allan variance 0 Vo




A misleading representation

The caption says instantaneous output
voltage of an oscillator

But the picture is a unrealistic
representation of AM and PM noise

The problem is that additive white noise
is dominant

Other, slower types of noise are our
main concern

The new version of the IEEE standard
uses my figure ©

e (e\/'\e\N of

| ¢
:

modu\a"

=~ amplitude

LioNS

IEEE-1139-20009 - Ferre-Pikal E - IEEE Standard Definitions of Physical
Quantities for Fundamental Frequency and Time Metrology, Random

Instabilities - IEEE 2009, ISBN 978-0-7381-6855-5.pdf

Figure A.1—Instantaneous output voltage of an oscillator
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Eve diagram

+1 is the k4, bit transmitted

b, cos wt, where b, =

BPSK vpp

Signal corrupted by AM and PM noise

Pure signal

——/N\

1
-0.8

"95UDII| 1Y 94BYS-UOIINQLIITY SUOWWO) dAIIeSI) JO
3SU2017 UoReIUSWNI0Q 9914 NND Jayia 11auuog Jiejg Ag sa4nsiy

Inter-symbol interference

Timing impacts on the Bit Error Rate (BER)


http://en.wikipedia.org/wiki/en:GNU_Free_Documentation_License

Frequency domain

Noise-free signal Signal with AM/PM noise
[Dirac 3) A Bell-shaped B
distribution
Vo

* In the absence of noise, the clock signal is a Dirac 6(v)

* Noise broadens the spectrum

* The difference between AM and PM noise is hidden here

11



The line width does not say the true story

Lorentzian

|
half peak

—»i | le— Av

A

File Observed-spectra

___________

____________

_____ a==—==-
\

AN
-~
- /
-

{Lorentzian ! "}

D

Voigt

* In the absence of noise, the clock signal is a Dirac 6(v)

wander

Gaussian

* Noise broadens the spectrum

* The difference between AM and PM noise is hidden here

12
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The bath hub diagram
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Representations
of the Clock Signal

v(t) = Vy|1 + a(t)] cos[2mvyt + @(t)]

14



Phasor — Fresnel vector

amplitude fluctuation phase fluctuation
A o~ AC\« V
\S\{V} amplitude \S{ } phase
fluctuation ; fluctuation
(Vo/V2)tpo p(t) e
wve  TiRvy | we | »v)
S ———————— L >

' File Phase-vector

),

v(t) = Vo[l + a(t)] cos[2mvyt + @(t)]
Freeze the wyt oscillation, add an imaginary part

Yo

V2

Strictly, the phase representation applies to static @ and ¢.
The extension to (slow) varying a(t) and ¢(t) is obvious

V=—]|1+a(t)] |cose + isin ]

15

Notation
Power electronics
* Vis the RMS value
P =VI"

Microwaves
* Vis the peak value

P =2V
2



Modulation and sidebands

File Modulation-summary

f \) Vo cos [wot 4+ m cos(§2t)]
S
‘%I% | w | w
-~ wo £
p(t) N
—————— _Q Q §R
B >
Vo ¢
A % ‘/E) COS [Cd()t —|— m Sln(Qt)]
5[ | 1
sy
CIL’O:IZQE
?(t) \
""""""""""" oAy x_
Vo -0 O

A
S

13

Vo [1 4+ m cos(2t)] cos(wot)
%1l

s 1y
Dol

Wll+a(®)]

O\, R
Vo

Q

Spectrum

Vo [1 4+ msin(2t)] cos(wot)
[ | W

Bandwidth
Q) < (,()0

random modulation
IS no exception

16
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Phase modulation — Math

’U(t) — t(wotmsinwy,)t Phase modulated signal, with modulation index m
Zm sing _ The full frequency domain representation contains an infinite
E J number of sidebands ruled by the Jacobi—Anger expansion

For small m, the expansion can be truncated to 3 terms, n =-1...+1

, m - m .
’U(t) — ™ot + —ez(wo-l_wm)t — —ez(wo wWm )t Use the asymptotic expansion Jo(m) = 1, J-1(m) =-m/2, Ji(m) =m/2,

2 2

Freeze wo —> phase vector representation

m TwWmt —twmt e
V(t) =1+ E [6 — € } 1 . .
equivalent to sinf = Z (67’9 - 6_7’9)

V(t) =1+ imsin(wpt)
A swinging phase 0 is equivalent to a swinging frequency Af = (1/2r) (d8/dt)

(Af)(t) = mc;—;n cos(wmt) = mfp, cos(wmt)



Analytic signal

Standard representation of signals in microwaves and optics

v(t) = Vo [1 + a(t)] cos [wot + o(t)]
cotating vector ‘)

v(t) = Vo [1 + a(t)] elwot e (t)

The analytic continuation

* Removes the negative
t‘/z r/z frequencies

* Keeps the power

>
_wo 0 +w0 —(.00 0 +(.00

spectrum of cos(w,t) spectrum of exp(iw,t)




Low-pass process / pre-envelope

Often used in telecomm
Real signal v(t) = Vo [1 + a(t)] cos [wot + o(t)] N

Analyticsignal  o(t) = Vg [1 + a(t)] piwot i ()

freeze the e'®t oscillation

rotating
fr?me f

-/’

Low-pass process @’,(t) — VO [1 + Oé(t)] e’i@(t)

(pre-envelope)

A Analytic signal A Low-pass process

Ji§

Wo 0




Noise Spectra

20



So(f) and L(f)

Power Spectral Density (PSD)

Definition of PSD
S(f) =F{c()}

C(t) is the autocovariance
F{ }is the Fourier Transform

Correct Sl units
* dim|[¢e(t)] = rad
» dim|S,(f)] = rad?/Hz

* The decibel (dB) is non-Sl accepted for
use with Sl units

* Logscale —> dBrad?/Hz

Thermal limit S, = kT4 /Py

Power Py, thermal energy kT

Practical estimation

2
Sp(F) = Z(@r(DPH (P

Based on WK theorem
Single-sided S(f), f > 0

Fourier transform @ of the digitized and
truncated ¢

Average on m realizations

The quantity L(f)

L(f) = %Scp(f) IEEE Std 1139

 Always in log scale using 101log4(£L)
* Non-Sl unit dBc/Hz
* Literally, “c” is a square angle, c = 2 rad?

21



Obsolete definition of L(f)

SSB power in 1 Hz BW
L(f) =

carrier power

INO _IBl—

———————— — —— o e p— -

VL
Vo Vot f

Always given in dBc/Hz using 10log;¢(£)
dBc means dB below the carrier

Experimentally incorrect
Instruments measure @, not N/P,

Unsuitable to low f or to large noise

At sufficiently low f, it happens that
10log19 L(f) > 0 dB —> Denominator nulls

Incorrect way to assess PM noise
L —_ N/PO

* Pure PM noise
S(p(f) — 2IV/PO
* Equal amount of AM and PM noise

So(f) =N/Py
* Pure AM noise
S(p(f) =0

Misleading

* Intended to describe PM noise, but
the definition does not match

* Non-Sl unit dBc/Hz

* Alot of confusion comes from L(f)

22



Additive phase and amplitude noise

A A
a Po
7
o
. B B
fe-=} fe->} Ne
% ----- LSB USB ----p
= + + >
(] PSS SE—
] ]
vo+f Vo vo+f
@, = 2V/(2NB/2P) 1%
Prms = ‘/(NeB/PO) ’l' ‘\‘
f f
V(NB/2) \ /V(N_B/2)
o .v/P
A, = 2v/(2N B/2P() pe oo e
! 0
Gyms = V(NB/P() EJ(N"‘BIZ)
: F o
]

f‘

file: amp-additive-AM

VP

J(NeBIE)

Noise is equally split between
AM and PM

PM (rms)

Vusb (t) = iy/N.B/2 e??™ 7t
| Visb(t) = —iy/ N B/2 e 2/t

AM (rms)

Vusb(t) = /N B/2 P
vlsb(t) = </ NeB/Q g 2mit

Normalize on B

Ne Ne
SN =5 Sl =%

J

L
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The polynomial law — or power law

24

Laurent polynomials —> generalized polynomials which include negative exponents

. 0
\@ frequency flicker S (f) — bfz
i p— E
i<—4
white frequency
frequency S hase flicker
random walk S / P
b whitle phase

log-log scale

________ oscillators only >le—lo-portdevices _ _ _

Amplitude noise

 Not allowed to
diverge

* Only white and
flicker al low f

e Locally, 1/f% in
oscillators
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What actual spectra look like

Phase Noise £(f) in dBc/Hz
File: 2024-11-14 KVG1_rakonA04_rakon_A05_alim_tout_sur_batterie+AlimMetrix+DCDC_massetherm.pdf
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Phase noise Crystek at 1 GHz

File 2024-11-28-1 Phase_noise_Crystek_1GHz.pdf

FSWP, and its power supply ———
Data sheet i
FSWP, and our power supply ——— |

]

10

100

1000 10000 100000 1x10° 1x10’

f(Hz)



Quantities Associated
to the Clock Signal

v(t) = Vy|1 + a(t)] cos[2mvyt + @(t)]

26



Phase time (fluctuation) x(t)

v(t) = Vo[1+ a(t)] cos[2mvyt + @(t)]

» Allow @(t) to exceed =+,
and count the no of turns

* The phase-time fluctuation associated to ¢(t) is

@ (t)
27TVO

Definition: x(t) =

27



Jitter and wander

@(t)

v(t) = Vo[l + a(t)] cos[2mvet + @(t)] 1) = 27V,

* ITU defines jitter as the variations in the significant instants of a clock or data
signal, vs a “perfect” clock

e Jitter —> Usually fast phase changes f > a few tens of Hz
 Wander —> Usually slower phase changes (due to temperature, voltage, etc.)

* Designers first care about consistency of logic functions,

* First, maximum timing error
e Sometimes RMS value and probability distribution

* Time and Frequency community focuses on

* PM noise spectra
* Delay spectra
e Two-sample variances (ADEV, TDEV, etc.)

Unlike x(t), the jitter includes telecom-oriented industrial standards

28



The frequency fluctuation (Av)(t)

Freeze the random phase, and move the fluctuation to the frequency

Definition: (Av)(t) = v(t) — v,

l

ohase o(t) =2 | (Av)(t) dt

fluctuation

v

v(t) =Vu|1+ a(t)] cos|2mvy + an(Av)(t) dt

|

carrier
frequency




The fractional-frequency fluctuation y(t) ™

Av)(t
o(t) = 2mv, (av)(6) t
Vo
Definition: y(t)=(m:/)(t) N
0

v(t) = Vol1l + a(t)] cos|2nvy + 21y, f y(t) dt

Phase fluctuation

carrier
frequency



Analogies

* The “error” of a wristwatch is usually
expressed in seconds or minutes.

* The frequency of the internal
oscillator (5 Hz for the balance
wheel, and 215 Hz for the quartz)
does not matter.

* In TF, the “time error” is denoted
with x(t) [seconds]

 The fractional “error” of an
instrument or of a standard is often
expressed in percent (%) or in parts-
per-million (ppm).

* This way of expressing the “error” is
independent of the value of the
measured quantity

* In TF, the “fractional frequency
error” is denoted with y(t)
[dimensionless]
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Physical quantities — Time domain

radian second
time
phase 27TV0 ( ) :
noise ( p(t) )4 > fluctuation
| A
T —~
= Nadd e
— | & 7 S|
&
s RS I
N—" Z( N——r"
’i\ >
23
frequency < > fractional-freq
fluctuation ( ) V) (t) ( y(t) ) fluctuation

Hertz Yo dimensionless
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Physical quantities — Frequency domain

s %Hiw Sa(w) % E{JA(w)]?}

rad®/Hz Lo s°/Hz
<p time
phase ( )4 m 2 >(Sx(f)) fluctuation

noise \( og(f))

=
o X
i':g ¥ =19 e
e o
. S
| I
A —~
“ =
 / )

frequency ( fractional-freq

« .
fluctuation S ) Sy(f)) fluctuation
Sy(f) = S (f)

HZz2%/Hz 1/Hz



A Useful notation

boldface notation

total = nominal + fluctuation

p(t) = 2mvot + p(t) phase

v(t) =vy+ (Av)(t) frequency

) =1t + x(t) time

) =1+ y(t) fractional frequency
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* Frequency is multiplied by a
rational number

- N
Definition: v, = o Vi

* Phase and frequency are scaled
up/down

* The normalized quantities x(t)
and y(t) are independent of v,
and preserved

Frequency synthesis

Analogy to a gearwork

phase @, =

N
D ¥i

time fluct X, = Xx; s
phase ; e e

35




Maximum time fluctuation

* Convert phase noise PSD into time-fluctuation PSD

* Integrate over the suitable bandwidth

* Bandwidth:
* lower limit is set by the “size” of the system
e upper limit is set by the circuit bandwidth

36



The family of
Allan variances

37

home page http://rubiola.org
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Variance

i Experimental

n
1
0% =——= (i — )’ 0% = B((y - )?)
n—1c«
=1
1 n
U= gzizlyi u = E{y}
May depend on n Exists under conditions

\ J . Y,

Mathematical

Try yourself with  y = at

* Take n samples spaced by T

* Experimental ¢ « T?,
depends onn

* The expectation does not exist,
unless we fix T

38



Path to the Allan variance

Problem

The experimental variance

1 n

2 o 2

o T —1 él(% ,Lt)
=

depends on n, and the
expectation does not exist

1 n
E{m;(yi —u)z} ;

27

\

J

7

\.

Solution
Setn = 2

1
g* =§(3’2 —3’1)2

Fix the poor confidence by
averaging on m realizations

1 m
(02>m = %;Q’z — y1)?

The average converges to the expectation

0% =E{(y — w*}

Notice that y is still an unspecified quantity
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Don’t get confused by the factor 1/2

Experimental variance
Y is a generic variable

=n—1

zn:(yi — p)*
i=1

0 = (v,
boring, trivial algebra

=2(y5 — 2y,01 +y£) 2 +

= (YZ

—w* + (2 — w*

}’2 +)’1) +()’2

= 2(y% — 2,51 + y£)?

3’2 + Y1])2

Two-sample
variance

1
2 _
2()’2

— )’1)2

setn = 2,
and expand

+2(y3 — 2y,y1 + y$)?

42



Formal definition of the Allan variance

1 t0+T
let y=— f y(t) dt
T Jt
0
r ™
definition 1
2 _ = = 12
(AVAR) Oy (1) =E {E Y2 — V4] }
9 same as the experimental variance with n = 2, the smallest possible y
(" expands as )
111 2T 1 T 2
oy (1) = E 5 [—f y(t) dt ——f v(t) dt]
T T T 0
\§ J
r N
Evaluating, replace the expectation with the average on m samples
2
Oy (7) = 2 Yi+1 —
. k=0 y,

oy (1) = ]E{

43

Average fractional frequency fluctuation

1 [xz — 2%, + x()]2
2 T



Statistical interpretation

This is how we introduced the Allan variance

1 n

2 — o 2

g n_lZl(yl )
=

Use the smallest n, and take the expectation

(@) = Ef 17, ~7.1?]
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Wavelet interpretation — What is a wavelet

A wavelet is a unit shock

Nonzero activity limited to

the [-T/2,T /2] interval Zero average Energy equal one

T/2 00 00
f lw@®)|?dt=1—¢€ f w(t)dt =0 f lw@®)|? dt =1

—T/2
With continuous (power-type) signals,
we use need the normalization
Power equal one
1 T/2
lim — 2dt =1
1m w(t t =

T — oo

D. B. Percival DB, A. T. Walden AT, Wavelet methods for _T/Z

time series analysis, Cambridge 2000, ISBN 0-521-64068-7



Wavelet interpretation

wavelet-like variance

o 2
oy = IE{U v(©) wy(t; 1) dt] }

g

weight (wavelet-like) function

(1
——— for0<t<rt Wa .
\/ZT . V21 time
wy(t;T) = 4 1
A +— fort<t<2c | | i =
\/ZT : V2t
. 0 elsewhere 0 ’ v
energy the Allan variance differs from a

«© 1
E{w,} = J lwy(t; )| dt = p

wavelet variance in the normalization

on power, instead of on energy
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Filter interpretation

The impulse response of the measurement (same as w,) approximates a
half-octave bandpass filter centered at f7 =~ 0.45

Su(f) —{|H P 12 ar = 67 (@)

141 T WVAR ]
°° = AVAR ]
2 _ . 1.2 I ]
O-y (T) - f—ooSI(f) |HA(f; T)lz df S | g /___ PVAR
o 1.0 i /——I'V'IVAF{
. 308 : 1
sin“(mtf) c 01+ )‘ A it
FAGLIEES: 2 o5 % AL
(mtf)? o "o 00, 3 *4 ‘51 \-'é
— 0.4] ’
s
&’5_0.2_ fr
: \ §> T

P 0gt - ~

0.0 . 1.0 15 2.0

47
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Derivation of the transfer function — Tools

Rectangular function

hp(t) e
T T
9 i
() = 22D

Shift operator

h(t —0) h(t) 6(t—0)
=A * ‘ I
6 6

Henire(f) = H(f) x %

Split operator

A 1
_ % ‘
-0 |,
6 T )
-1

Heptie(f) = H(f) X i2sin(ef)

Euler equation

1 . .
: — i _ _,—io
sinf@ = _2i (e e )

Type equation here.* Convolution operator



Transfer function |H,(f)|?

No normalization

49

h(t) a0 “1/T | aa Power
1 . I I ) _L 0 , ., a
T - T T * T |H(f)| df -
_E +E _I ‘|‘§ 0 T
—-a/t
sin(mrtf) _ _ . sin? (mrzf) 2 _ . o sin*(wzf)
H(f) = — X | i2asin(mtf) = i2a - |H(f)|* = 4a o)
. _ —sin?(mtf)
Allan variance ha(t) [z H() = W2
normalization 7 , eI
a=1/\2 i , . sin*(mzf) j"" 1
H =2 Ha(O)I?df = —
/N2t | A(f)l (T[Tf)z 0 | A(f)l f 21T



Transfer function |Hy(f)|?

hA(t) Ml/T “1/1_ A 1/T
— + T T T
3 -3 )

sin(mzf) sin(rrtf) _
ntf % ntf HA(f) -

sin®(mtf)

(tf)?

50



Transfer function |Hy, (f)|?

4 1/\/5

_L |[Hu()]* =2

_l_

T
2

3 T 3
gooEor S —1\2

sin?(ntf)

sin3(ntf)

X iV2sin(mtf) = iV2 (f)2

Hu(f) = ()2

sin®(mtf)

(mrf)*

51



Weighted average

Bare mean :
There are many options for
1 (7 the weight function w(t)
7=~ [ v
TJo
R M (uniform) average
Use the average or the expectation w1 e
T
Weighted Average
o0 A (triangular) average
- w(t)
y = y(t)w(t)dt .1
— 00

T 2T

00)
Normalization J w(t)dt =1
—00

...etc.

52



[1 (classical) counter

XX XX phase time x X
@ikl (.e., time jitter) N

VO NAANAAANANAANANANAAAANANAANAANA | time

LN ~
I A A A A R A A AT
> 2 bt hizltsts ty — period Ty,
= ECET 1/t : 0
N = Wi
Q = : :
S |
3 ' measurement time T =NT
E +o00
N the measure is a E{v} = / v(t)wr(t) dt IT estimator
5 scalar product —
o
= wrr(t) = {1/7’ O<t<T weight
o) 0 elsewhere
2
+o0
& / wr(t)dt =1 normalization
L —o0
: 2
vellEines o2 = 205 classical variance



E. Rubiola, RSI 76(5) 054703, May 2005

A\ Counter >

X Xa X phase time x X
Walw?y (e, time jitter) N

VO AAANNNANNNAANAAADNAAAAANNNNA N ] time

meas. no. .
(=0 A estimator

i=1

+o00
- E{v} = /_ V(t)wa (¢) dt

E. Rubiola, Fig.3

weight

- . i=n-1 t/T o<t
|% delay t,=DT ’UJA(t) = 2— t/T T<t<2T
. measurement time T = NT =nDT 0 elsewhere

normalization

/+oo wa(t)dt = 1

—Oo0

white noise: the autocorrelation function is a

limit to -> O of the weight function
° 9 narrow pulse, about the inverse of the bandwidth

WD) T

| the variance is 5 classical
0 divided by n —

variance




Q) (linear-regression) counter >

E. Rubiola & al, IEEE Transact. UFFC 63(7) pp.961-969, July 2016

Time stamping

x(t) =t + x(t)

phase time

fractional frequency

rialy e T; > Th
AfU(t) EE ! input signal | y(t) =1 + y(t)
~| )y N B A B x(t) = @(t) /2w fluctuation
1 54_4 . picket fence | .
y(t) = x(2)

T = N7

measurement time

__________________________________________________________________

cnt-time-stam ping t O t’l,

y is estimated with a linear regression on
the x series

> (i = (x) 1 = (1)
> (ki — (6)°

y =

Linear regression on a sequence of time stamps provides accurate estimation of

frequency and best rejection of white PM noise



A modern approach

Definition Weighted Average

1. - VIR e d
O.yZ (1) = > [yz _ yl] y = J _ y(®w(t)dt

Use the average or the expectation

Y 4 9 ¢
* It’s all about averaging g/ﬂ 1 A
* Uniform —> AVAR .

- y ,
* Triangle —> MVAR re)
constant term of the least-square fit of phase
data

SO —~— ~—
* Parabolic —> PVAR J—.Q_O_\OH’ = %\ %

slope term of the least-square fit of phase data L—/l"”
e Other options are possible y
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Generalized Allan variance >/

Allan variance

w(t) t

1 — —
oy (1) = IE{E 2 — yl]z} —

Generalized Allan variance

oy (1) = IE{ j_ ly(®)w ()] dt}




1 Estimator —> Allan Variance

given a series of contiguous non-overlapped measures

measure series

Vo vy vV, V3 e e t
............... 1 .
WII(t) | e time
- 1/ t
W (t—-T)
: : t
WA (1) —I +1/(\51:)
Lo - =1/(V2 1) t
0 T 2T

the Allan variance is easily evaluated

oy(r) =E {% T - ykr}

58



Modified Allan variance >

1 n—1 (i—|—2n)7'0 1 (i—|—n)7'0 2
definition modo2(r) =E{ = [ﬁ Z( / ey dt — / y(t) dt)]
(i+n) 1o 170

1=0
with 7 = n7y .

. 400 2
wavelet-like mod o (1) =E { [/ y(t) war(t) dt] }
variance —00
(— \/172 0<t<T 1
_ fT ~(2t—-3) T<t<2r M N .
wnp \ (t 3) 9 < 1 < 3 0 | | time
\/572 T T | 2 3| t
L0 elsewhere (’) T 8 N N
V2t
+o0 1
energy Ef{war} = / why(t) di = -
o T
1
compare the energy E{wp} = 2 E{wa}

this explains why the mod Allan variance is always lower than the Allan variance



Overlapped A estimator —> MVAR

by feeding a series of L-estimates of frequency in the formula of the Allan variance
11 12
03(7) =K {5 [yk—|—1 - yk] }

as they were P-estimates

WD)

WA(t—T)

Wi ()

- o - -1(27) t
0 T 2T 3t

one gets exactly the modified Allan variance!

n—1 ; ; 2
111 1 (i4+2n) 7o 1 (i+n)To
modo2(r) = E { & [— (— / y(t) dt — - / 0 dt)]
Y { 2 n ZO T (i+n)7o T J;

i= To

with 7 = nmg .
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Non-overlapped A estimator —> TrVAR

by feeding a series of L-estimates of frequency in the formula of the Allan variance
1 . . 2
03(7') =K {5 [yk—|—1 - yk] }

as they were P-estimates

W,(t)

W, (t-2T1) I

wrr(t) T

one gets the triangular variance!

+1/(vV2 1)

timet

}
] 1 } |
: ————————E—————————i————————4—- —1/(1/2 T)
'i' 27 3T 47



MVAR by-2 decimation rule
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log/log

Phase noise spectrum

%)
o <
~ O
[S =]
= T >
y— O C
=2 0
d) 5
(/0& Bg
p -
“—

o~
flicker
phase
white
phase

/
&
\
3

x f2 /v

ASy(f)

log/log

Fractional-frequency spectrum

white
frequency

Spectra vs variances

Fast
fluctuations

Slow fluctuations

$oy(7)

63

Allan Variance(AVAR)

2 ln(2) h_1

Ve
flicker EM oW
n n n >




noise
A_2 M_2 H_ 2 P2 T.2
type Sy(f) AVAR ‘o () MVAR %oy (7) HVAR “oy(7) PVAR “oy(7) TVAR “oi(7)
Blue hs f3 3fE hs 10y +1n48 + 10In(7 fu7) hs 5f% hs 9y +In@nrfu7)] hs | 10y +In48 +10In(rfu7) hs
PM 82 72 1674 T4 1272 72 474 T4 4874 T2
0.0380 frrhs /2 [10y +Ind8 + 10In7] _ ;0o 0.0422 fyrhs /2 My +InGm)] _ o718 10y +Ind8+ 10Inm _ 5 0451
1674 474 4872
White | 31 ho 3 h i ho 3 h 1y
PM 2 472 712 82 73 6m2 72 2m2 73 812 1
0.0760 frrha /T2 0.0380 hy /73 0.0844 frrho /72 0.152 hy /73 0.0127 hy /T
Flicker hy f 3y =2+ 327 fu7) h1 (24In2—91n3) hy 5y +In( V487 fuT)] hy 3[In(16) — 1] hy (8In2 — 31In3) h
PM ! 472 T2 82 72 - 62 T2 272 T2 82 !
[3y—In2+31n27]/472 = 0.166 0.0855 hy /72 5[y + In( V48 )] /67% = 0.178 0.269 hy /72 0.0285 h;
White h 1 ho 1 ho 1 ho 3 ho 1 h
FM 0 2 7 17 2 7 5T 1207
Flicker _ (27In3 —-32In2, ) 8In2—3In3 2[7 — In(16)] 27In3 — 32In2
Py | Pl 2In(@) b s M s ™ B e TE
1.39 h_; 0.935 h_; 1.12h_1 1.69 h_; 0.312 h_172
Random 2 1172 2 2672 1172
h_of~2 “h_ h_ —h_ h_ h_o7?
walk 2f 3 2 20 27 3 27 35 2 6 27
FM .
6.58 h_oT 5.43 h_oT y 3.29 h_o1 7.33 h_oT 1.81 h,27'3
Integrated by f3 ot not 72[27In3 — 321n 2] 9 not not
flicker -3 convergent convergent 6 -37 convergent convergent
FM )
12.3 h_3T
Integrated h_yf~* not not 11m? h .3 not not
RW FM —4 convergent convergent 15 —4 convergent convergent
714 h_y73
. . 1 1 1 1
linear drift D, 3 Df, 72 3 D3 72 0 3 D3 72 G D}z, T4
Spectral response 2sin 6 25in% 6 8sin® @ 9 [2 sin? @ — #sin 29] 2 72 25in% 6
[H(©)]?, 0=nfT 62 z 302 26 3 o
~v = 0.577 is the Euler Mascheroni constant. Formulae hold for 7 >> fg /2 where appropriate, fiz = bandwidth (sharp cutoff filter).
MVAR, PVAR and TVAR require 7 > 73, where 79 = sampling interval.
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Time-frequency uncertainty theorem >

Definitions
1 integration time T
2 _ 2 2
bi = Ef_oot ()] dt [ Data record of duration T ]
, _1 (" 2 2
DF==| fAIX(DP df
- [ [ little ]
E is the Energy J margin
[PI I;ajt da_ta acguisition , Long run behavior of clocks
Theorem enty of data in a short experlment) Few of data in a long experiment
1
Dt Df = 5 ( Fourier analysis ) ( Fancy variances ) Highest T for a given T
Available data stream —> T

A. Papoulis, The Fourier integral and its
applications, McGraw Hill 1962 (p.63) (

PSD )

( AVAR & more )




The Time-Domain Beat Method %

Ve = K(Tp — T4)

— @ + (gb _ga)

vp = K(Te — xp)

—® + (gc _gb)

Ve = K(Tq — X¢)

0 + (ga _56)

Tq k(T — xp) + & start
D
0 Vb stop Tl counter
test
X K(Tp — Tp) +
O
0 Up stop Tl counter
test
._
@ L ® K,(CUC - :Ep) + gc ® start
Vo Vb stop | T1 counter
p
test
._
ivot
0 background &g, &b, &c

Tp beat 1y = Vg — Vp
Vp gain K = VO/Vb



Some Facts About
the Estimation
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Bayesian statistics, or the inverse problem

 Simulation (direct problem)
e Start from true value
 Add noise
e Gaussian distribution

* Experiment (inverse
problem)
e Start from experimental data
* Estimate the measurand
e y2 distribution

Bayes theorem

- w(0)p(&l0)
p(0]¢) = (8

posterior PDF p()
prior PDF 1t()
experimental &

unknown “true” 6
Highly specialized topic

Developped (among others) by
F. Vernotte, and E. Lantz
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Courtesy of F. Vernotte

The Allan variance (AVAR)

A statistical estimator as well as a spectral analysis tool
Practical calculation of the Allan variance

Allan variance versus Allan deviation

Confidence interval over the Allan variance/deviation measures

Dispersion of Allan variance estimates

1
0.01
0.0001
£ 1e_06
(V]
©
-
S 1e08
<C

1e-10 _ ........................................ A N T A ]

White fFM ésym p'tote' I

Does this mean that the errorbars should be Ionger downwards

No, it doe' n t'

1le-14 H
1

100

1000 10000

Integration time t

F. Vernotte

Variance measurements
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Courtesy of F. Vernotte

A statistical estimator as well as a spectral analysis tool

The Allan variance (AVAR) Practical calculation of the Allan variance

Allan variance versus Allan deviation

Confidence interval over the Allan variance/deviation measures

Probability density function of a y» distribution

PDF of a %2 distribution with v=2

0.5

0.45

0.4

0.35

0.3 |

0.25

0.2

0.15

0.1

0.05

2.5 %

2 4 6 /.38 g

Random variable realization: x

F. Vernotte Variance measurements

10
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Courtesy of F. Vernotte

The Allan variance (AVAR)

A statistical estimator as well as a spectral analysis tool
Practical calculation of the Allan variance

Allan variance versus Allan deviation

Confidence interval over the Allan variance/deviation measures

Errorbars over Allan variance estimates

0.01 Y5

Whité TFM ésymplroté I

V=43

0 e — R ]S B i | -
S qe-06 | ST
“b
o i | §V=1
S teo08f B R e — -
< ;

1e-10 _ ........................................ _______________________________________________________________________________________________________
The errorbars are deflnltely Ionger upwards than downwards'

fe-12f T .

leda b 0 S S

1 10 100 1000 10000

Integration time t

F. Vernotte Variance measurements
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The measurement

of phase noise

* High SNR

Low noise

* Strong carrier

e Two-port components

Bounded input-output delay
Bounded phase

e Only white and flicker PM

e QOscillators

Unbounded time “error”
Unbounded phase

“Red” noise processes: white and flicker
FM, random walk FM

Drift

dBc/Hz

L(f)

dBrad?/Hz

-100

-110

-120

-130

-140

-150

-160

-170

-180

Ciao Wireless amplifier 10 GHz

Two-port component

input power

30 0B
WY WO sl

—atotand

—20 dBm

-10 dBm

V. Giordano, June 2018 . f’ HZ ) Bm

10?

102 108 104 10° 10° 107 1

Phase noise GSDRO1000-8XT 10 GHz
File: 2025-02-20-1, phase-noise-DRO-10GHz.png

08

10 —

-10
-20
-30
-40
-50
-60
-70
-80
-90

-100

-110
-120
-130
-140
-150
-160
-170
-180

r 1T T T T 7T T T T T T T T T T T

g g T g g g oo T g Ty
DRO in shielded box : Power Traco AC/DC+TIM3.5 2413+filtre+7809 ——

Datasheet
RO in shielded box : Power battery 24 V+TIM3.5 2413+filtre+7809 ———

Microwave oscillator

| vl IR | MR | ol ol ol

Lo b b b b b b b b b b b b b b g |l

=

10 100 1000 10000 100000  1x10° 1x107
f(Hz)

1x108
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Absolute measurement

O,

DUT

~® —

O,

ref
Phase =
detector| |3
o
()
o
wn
A
Phase O
detector &)
ref

Differential measurement

Common
mode ref

Phase
detector

") -

DUT

!

Phase
detector

Cross spectrum

ref

Bad idea

O,

Phase
detector

T

Phase
detector

Cross spectrum
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Measurement — high signal-to-noise ratio

High sensitivity, limited by the dynamic range

Measure a small signal (noise sidebands)
close to a strong dazzling carrier

('@”"T§
\

VAR SR\

(

— b
— e

Suppress the carrier,
and measure the small signal

v(t) = Vycoswyt + n.(t) cos wot — ng(t) sin wyt

Convolution (notch filter)

Audio distortion
v(t) * hn(t) measurement

Time-domain product

V(t) > T(t . T/4-) Saturated mixer

Digital instruments
r = Vo cos wpt

Vector difference

v(t) — r(t) bridge (interferometric)
r =V, cos wyt instruments
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Saturated Mixer
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Double-balanced mixer

saturated at both inputs => phase-to-voltage detector

Vo (t) = k(p @(t)

reference signal
sin(2mvyt) mixer cos(2mvot + @)
LO source O T e A ¢ RF source
input ' input

Vo X @ %IF load

lowpass needed Ry,

_ _ remove 2v,
* LO and RF inputs are interchangeable

» Stronger signal —> LO (better isolation)

E. Rubiola, Tutorial on the double-balanced mixer, arXiv/physics/0608211
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All figures from

arXiv/physics/0608211

A practical issue

needs a capacitive-input filter to recirculate the 2wo output signal

wW; : Zz
RF | filter load
IF -
(Ui (e (V)
wi LO and
. 20 § — — §
50 Q)

E. Rubiola, Tutorial on the double-balanced mixer, arXiv/physics/0608211,
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Output voltage, V

I
o
o))

N : 91
Characteristics of a mixer

— 1kQ
400 —
o)
&
T
& DB0218LW?2 term. to 10 k2
'z
&0
&
§ 200 —
S
2
$
[2] .
1 - :
g 100 M14A term. to 50 ©
B 3| I :
0 45 90 135 360 0 B i i i i
—-15 -10 -5 0 +5 +10

Phase difference, degrees
Input power, dBm

E. Rubiola, Tutorial on the double-balanced mixer, arXiv/physics/0608211



Noise and EM| 72

Power

* narrow range: =5 dB around P,
= 7...10 dBm

e r(t) and s(t) should have = same P

Flicker noise
* mixer internal diodes

* typical S, = —140 dBrad®/Hz at 1 Hz
in average-good conditions

Low gain

* ky, =0.2-0.3V/rad typ, i.e,, -10 to - 14 dBV
/rad

White noise <=> operational amplifier
Takes in noise <=> power-to-offset conversion

High sensitivity to 50 Hz magnetic field

cos(wqt+¢)
cut 2wy V=Ko E;
=K, E
=z LNA c
m
(1N

@ ® E.Rubiola, 2019

mixer background noise

mixer 1/f noise

op-amp
white noise

S¢(f), dBrad?/Hz
N
3

_200 ) I ) ) ) )
1 10 102 10° 10* 10° 10Q°
frequency, Hz

>

. Rubiola, Tutorial on the double-balanced mixer, arXiv/physics/0608211, Aug 2006



: ) : 93
Mixer’s background noise — example

-120 ! LIEREEREE! ! ! '.""'I ' R ! R EREEEE! . . .
% Miteq DB0218LW P iean Nominal characteristics
) <>°/‘9 : AP=9dB * RF&LO 2-18 GHz
-125 PR 0 10 GHz carrier AP=6dB |
RN AP =3dB « LO 10 dBm (7-13 dBm)
A {:/ AP=0dB )
o, \ N | RF1-dBcompression +5dBm
' “, « IF 0-750 MHz (-3 dB)
Ll “ 5 |+ Typical loss 6.5 dB (LO 10 dBm)
140 F N |
NE ) ll“.w‘& ‘\
sl S ‘4 Ly L | poor white noise because
= v 7 . Y of low k, at low P
L~ ST i
-150 b (‘6/ ‘
S %5
W ~ "
-185 —
: white noise limited by the DC amplifier
Courtesy of:Darriien Tessyeux, 2021 | o T e, He (better amplifiers are available)

-160
100 10" 102 103 104 10°



The operational amplifier is misused

R, = Sv R, = dus i aolae
OP- 9% <, - 3,“(/‘/‘}?1,. 3 R,= ESkr oP 27
Ust = 0.4 P‘/‘mt e, = 3nV/VHz
R I - g8 wvfi . i, = 0.4 pA/VHz
= 7.5 kQ)
P ?@Oﬂ (1.2x10721 W/Hz)
(lix regse Re = SQR

OP27: [3.2 nV/HzY2] / [0.2 V/rad] = 16 nrad/HzY/? (-156 dBrad?/Hz)
LT1028: [1.2 nV/HzY?] /[0.2 V/rad] = 2.4 nrad/Hz? (=164 dBrad?/Hz)

Warning: if only one arm of the power supply is disconnected, the LT1028
may delivers a current from the input (I killed a S2k mixer in this way!)

You may duplicate the low-noise amplifier designed at the FEMTO-ST
Rubiola, Lardet-Vieudrin, Rev. Scientific Instruments 75(5) pp. 1323-1326, May 2004

Ry = /Sv/S;

LT 1028
e, = 0.85nV/vHz
i, =1pA/VHz
R, = 850 Q
(8.5x107%%2 W/Hz)
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Measurement of
Oscillator Phase Noise

95



Figure from U. L. Rohde, E. Rubiola, J. C. Whithaker, Microwave and
Wireless Synthesizers, ISBN 978-1-119-66600-4, ©J.Wiley 2021 (adapted)

Phase Locked Loop (PLL) "

The mixer requires signals in quadrature —> phase locking

General-purpose PM noise test set

Use the PLL as a high-pass filter

DUT @ o) RF ®L 2< e %
L0 kg v =ky(p — ) E Sy(f) _ kcz, 47‘[2f2
. including the LNA L 2
rer (OO Bine | So(f)  am2f2 + |kok H(f)|
k, ' H(f)

) DC REF

@ control !
Vvco '
Ve | Measurement
' C * Assume Sy, K S, i.e., noise-free

reference oscillator

—or—

 Compare two equal oscillators and divide
the spectrum by 2 (take away 3 dB)

Phase tracking —> low-pass filter

Se(H) _ IkokoH (P
Sp(F)  am2f2 + |kok H(F)|”




Figure from U. L. Rohde, E. Rubiola, J. C. Whithaker, Microwave and
Wireless Synthesizers, ISBN 978-1-119-66600-4, ©J.Wiley 2021 (adapted)

The virtues of a fast PLL 7

S(f) (A) oscillator S (f), calculated S|OW P|_|_
i} * Large swing at low [
(B) Sy(f), measured * Large Vg of the FFT internal ADC
. * High quantization noise
- | * Prone to injection locking
- 1/f white
~__/ Fast PLL
1 oo * High-pass —> lower swing at low [
|’ 2 (C) high-pass IV/®I? * Lower quantization noise
Q\;’ log-log scale . . . .
L A . . 1 . —> * Feedback overrides injection
c.)/, A\' f|_p f Iocking

but you have to correct the spectrum for the PLL transfer function



The dual-channel scheme 7

synth e Two statistically independent channels
<~ |vco
s @ { PLL * Average cross spectrum
) Syx(f) = Sp(f)
W 0707 S0
LO LNA : . Single-ch noi octed « 1
F (== o —0 ingle-channel noise rejecte /Am
DUT } = (m is the no of avg), 5 dB per factor-10

f.“"(f»  Prone to AM noise of the DUT via
power to offset conversion in mixers

AVG

W input RF
@ P 3dB ®-
output
REL LNA = P (mitigated with saturated amplifiers)
S ES s D TR

e Related commercial instruments

LO
TR * Anapico

VCO * Berkeley Nucleonics Corp
9.
* Holzworth

REF B

* Keysight
* NoiseXT / Arcale

* Double balanced mixer saturated at both inputs .
* Wenzel Associates

* Inputsin quadrature
* Phase-to-voltage conversion 0.2-0.3 V/rad typ.
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Digital Methods



Digital phase detector

analog FPGA i FPGA or microprocessor{  output
down filteri& . scale &
conversion decimeition computing compare |
2c
. atan
in ® L~
—R ADC :
V; ant I 2< abs : °
l aliasing L~ i amplitude
cos CORDIC | (optional)
L. freq I:Jelncyi P i phase
contro °
VC Kk word (in) CZ}
\/\ L ' —_— |
C frequency: |
clock \(/:v%r;go(:ef) ;
\4 '
NCO
Vy sin cos
of 2Z atan [ x(fi/f)) |-
® A ADC = :
VT' anti K~ abs ; ®
aliasing : i amplitude
] CORD|C | (optional)

Figure from U. L. Rohde, E. Rubiola, J. C. Whithaker, Microwave and
Wireless Synthesizers, ISBN 978-1-119-66600-4, ©).Wiley 2021 (adapted)
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Software Defined Radio methods
Technology: v, is not free

The clock cannot be used as the
reference

Two channels are necessary, even if
Vi = Vr

ADCs have poor background noise

Works with v; # v,
(interesting applications)

No problem at large angles, even
multiple turns



Background noise — Example AD9467 (Alazartech) ™’

-90
100 |
110 |
120 |
130 |
140 |

150 |

-160 i S B ) I

1170
1180 ©

1190 Erl
10

\“ 7 J

——-HH ———-H -
"dif cha_chb_avgl00.dat"
"dif chc_chd _avgl00.dat"

f(x)

B
— 5%, SA}BMZ %

157 dBVZ/le
~ 1 dB added - i

IIII | 1 IIIIII| | | IIII|I| 1 1 IIIIIII | 1

100

1000

10000 100000 1e+06 1le+07

1le+08

VFg R

=5 (/W
- 0.88 U,

@ 95 VTSR O 81( v?w5
Ny 1%



i analog 5 FPGA micro
' = down { processor
conversion E
; i 1Q detection E
0 e i
; AoC o g: = B
ref A i ' E GO: !
: NCO] |9 |_
"""""""" i (Z) —0
| | Quetection {1 \A
j | 18]
.*0_+ e B %%o (S ()
: i i i S—e
nput 4 | lQdetecon =l output
=R E—XE)
] ! ' oc v
ol FFT
LA e G
5 adeeten &,
ADC |- —1Q iw
i 10| |
refB ! &; S
] H o ]
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The fully-digital
noise analyzer

4 channels: DUT (2 ch.)and 1 or 2
external references
Average cross spectrum —> rejection
of the background
30-200 MHz max (order of)
Related commercial instruments
* Arcal / NoiseXT DNA
* Microchip
 PhaseStation 53100A (Miles
Design & Jackson Labs)
e 3120A (one ref input)
e 5120A/5125A (discontinued)



input <
e—— atten |—]split é_? Q
12
: ADC
mixer
g I'Q —D—
ref 2 Q2
synth
@ l_ \ ADC

Rohde & Schwarz FSWP8&, FSWP26, FSWP50

Architecture

T— synth
X -q Q

mixer

[©

ref 1

)ﬁ
o
O

4 channels: DUT (2 ch.) and 2 internal references
Average cross spectrum —> rejection of the background
Down conversion from 8-50 GHz max to IF conversion
Powerful, flexible, and expensive all-in-one instrument

Phase noise, dBc/Hz

109

Background Noise at 100 MHz

FSWP, 100 MHz carrier, 1 H measurement time
©2018 Synergy Microwave Corp

|
©
o

N
o
S

L
)
<]

N
S
o

N
o
o

I
-
@
o

—200
1 10 102 103 104 10° 106

Figures from U. L. Rohde, E. Rubiola, J. C. Whithaker, Microwave and
Wireless Synthesizers, ISBN 978-1-119-66600-4, ©J.Wiley 2021 (adapted)



. . . . . . . 110
Noise rejection in logarithmic resolution

ts (f) Wider RBW (resolution) at higher f
sip e Shorter acquisition time T
?‘s;od e Larger m —> higher noise rejection

Constant fractional resolution R = Af /f

u bins/decade —> resolution
R = eln(lo)/u —1

One FFT, time T = 1/Af = 1/Rf

oo o o @D oD en oo on oD oD e oo ol es oo o

@ ® E.Rubiola, 2019

log-log scale f e Measurement time J°
> m =T/T = TRf
* Avg limit Sy, pg = S¢p 1cn/VM
Additional hardware limit applies (input * Result
power splitter, AM leakage, crosstalk, etc.) .
Scp BG (f) — Scp 1ch(f)

JTRSf



Example — Background of the PhaseStation 53100A™"

Background PM Noise of the PhaseStation 53100A
Input and reference connected to the same oscillator

Same oscillator connected
to the 4 channels

—15 dB/dec reference line

el N 4

Constant R approximated

as bands where Af = C
/ |5MHz
. 1 .
o |2 10/MHz * Flicker—>1/f./f, as
= . ~ \' [ | N .
O l 100 MHz
oo |83 ﬁ ) predicted
ol ¥ /
1600 |95 - “QM * White limited by other
|
-l |
700 | Ryl phenomena
|
|
-180.0 ; “\w
©2019 Jackson Labs Technologiq's, Inc. and Miles Pesign LLC
Edited by E.R., Aug 2019 | f
=-190.0 S
0.01 Hz 0.1 Hz 1Hz 10 Hz 100 Hz 1\R~H< \N) kHz 100 kHz 1 MHz
Trace Input Freq Input Amplitude dBc/Hz at 1 Hz Elapsed Instrument
100 MHz residual floor 100.0 MHz 11 dBm =121.1 58m 49s PhaseStation 53100A
10 MHz residual floor 10.0 MHz 12 dBm -138.2 33m 5s PhaseStation 53100A
5 MHz residual floor 5.0 MHz 12 dBm -148.2 8h PhaseStation 53100A

Figure: Courtesy of John Miles, Miles Design, comments are mine
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Limitations of the
Cross Spectrum Methods



Fig.2 top/bottom, Y. Gruson et al, Metrologia,

Anti-correlated noise in power splitters

N, = KT, a 0° x = (a-b)/y2
* P BPVAS *
Ro ° b >é’ y = (@+b)/y2 %
o —*
noise
N. = kT,
carrier S S I:‘o
é noise Po/ 2
1
Syx ) k(To=Ty)

Most instruments

Keysight E5052B

27 April 2020, DOI 10.1088/1681-7575/ab8d7b

Sgpe =k(Ty-Tg) /Py

P./2

3 dB (loss-free) power splitter
* Power P,,;; = P,5./2
* Correlated noise —k(Tysc — Tspiir) /2

6 dB (resistive) power splitter
* Power P, = P)s./4
* Correlated noise —k(Tysc — Tsp1ic) /4

Displayed noise

< k(Tosc _ Tsplit)

POSC

¢

Systematic error AS, = —kTspjit/Posc < 0
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A problem with the ‘Syx‘ estimator

Most instruments use the estimator A weird example
SQD (f) = |Syx (f) | FSWP hacked by A. Roth at the Rohde & Schwarz
e Biased o Research and Development Center in Munich, DE

Se(f) / dBrad®/Hz } 100 MHz Golden Citrine

Wenzel 501-25900B s/no 23153A004-1508

* Slow, because of noise in S{Syx(f)}

* May hide the anticorrelated artifacts

ol TN 2 SOUO S IUUUUNS SN [LRets_ |

‘ ' mosfcly Re{Syx} < 0 '
-160 i ) "**j':<- --------- Attt ]

The best estimator is

SZ(?) = 9Q{Syx(f)} 180 NG | i

Figure from Y. Gruson et al, Metrologia, 27 April 2020

— S e T

° ‘
Fa Stest _200 ,,,,,,,,,,,,,,,,,,,,
 Unbiased Dot oy Ao P | | N[ @l | f/ Hz
_220 ® @ E.Rubiola, 10 Mar 2020 | | | T ™t
10° 102 103 104 10° 108 107

 Does not hide the anticorrelated

artifacts Read the full article: Y. Gruson et al, Metrologia,

27 April 2020, DOI 10.1088/1681-7575/ab8d7b



synth

The DUT AM noise is correlated

PLL

synth

LNA

PLL

2-channel
FFT analyzer

The mixer offset depends on P
AP — AVOS

At the IF output, there is no
difference between AM and PM

Sa(f) = Su(f)

* Unpredictable amount and sign of
the correlated term

* Mitigation
e Saturated amplifiers at the RF inputs
e But AM/PM conversion in the ampli

E. Rubiola, R. Boudot, IEEE Transact. UFFC 54(5) pp.926-932, May 2007
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-100

-110

-120

-130

~140

-150

-160

-170

-180

-190

Figure from U. L. Rohde, E. Rubiola, J. C. Whithaker, Microwave and

Common artifacts

Phase noise PSD, dBc/Hz

Spectrum © DDC Electronics Ltd, UK
Editing/comments E.R., Aug 2019

Pascall 100MHz

level E OCXO

10 102 108

10%

10°

10° 10’

Wireless Synthesizers, ISBN 978-1-119-66600-4, ©J.Wiley 2021 (adapted)
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My best guesses

A. Discontinuity.
A change in sampling frequency

B. Bump, irregular/noisy plot.
* Spectral leakage
* Correlated effect
* Insufficient averaging

C. Hole, irregular/noisy plot.
e An anti-correlated effect.
e Signature is often seen in the Keysight E5052B

D. Notch. Almost certainly, an anti-
correlated spur

E. Filter roll-off (not disturbing)

The 50 Hz and (odd) multiples spurs are not
seen. Likely, they are just below the oscillator
noise
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Supplemental Matter



PM Noise measurement methods

Oscillators

Compare to a
_> p

ref oscillator

Compare to a ref
resonator or delay unit

h
special

most often

—>Cross spectrum

2-Port dev

not common

Compare out toin
(differential)

Optional, cross
spectrum

Phase Detector

Saturated mixer

Bridge (interferometer)

Software Defined Radio (SDR)

Direct analog-to-digital conversion
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Useful schemes

two-port device under test

—> DUT ——
O Qe
Pl A

quadrature adjust

the measurement of an amplifier
needs an attenuator

e uT
o =
X A

/quadrature adjust

measure two oscillators
under test Dest use a tight loop

—

reference ® g2 FFT

A phase lock

a pair of two-port devices
3 dB improved sensitivity

—»| DUT

@— ié}» FFT

\/

quadr. adj.

the measurement of a low-power DUT
needs an amplifier, which flickers

[aten 1 DUT [~

FFT

X )

quadrature adjust

measure an oscillator vs. a resonator

> reference
under test resonator

—
T (e
/q:adr. ad]. *

123



124

Averaged spectra should be smooth

-150.1 T T T 11110 T T T TTTTT T T T TTTTT T T T TTTTIT] T T T 111711 Fig.12(top), from E. Rubiola, V
_ LI I L rrirrn I 11 I - ’ . y Ve
[=1292] Scp(f) dBrad2/Hz !'!'!!! Lot [ P0= 10.9 dBm l: Giordano, Rev. Sci. Instrum. 73(6)
- L L L avg 256 spectra [ p.2445-2457, June 2002. OAIP.
[Ny dBmHz] - il 4yl L onerfchann. !
-160.1 TR |||1:; ; IR EEE I :::::;1 [ arl’n12 lb q :_:_
[_149.2] | PPl e | I 1 1 angecai rate
'\"\i:iiili L] | HtruePMnmse 1
1 Tt T L | 3R B ) 1 —rrrrrr T LI Nan
:N: B R R plot431 i
=170.1 — T T T T
[-159.2] o Illlll\\l\Ll 1l o RN RN
| L rrrn 11 11 | i l L rrirrn | I Lt
1 L1 1 1111 1 l Lill L1 1 1111l 1 L1l 1 et
| L EEEE | I\ I I I TR | it | [
o e | I I I B n\ N BRIl INE e [ A R
—1801 | I P rrrr | [ AR I Ll AI_LI_IAIIIH L | IAIAI‘III
(16921 | 1 0 rrrin] oG trnnn] ot ]
| [ RN | [ R I [N | i | it
| Frrrntl | I 1T | I L1l | | IIIIII | Lt
| [ I [ RN | [ EERT ' ! L N
| e | I Erret | L rrrn Founerfrequency’ HZ |
—[1197(;.21] Lo vtimnl ma gl § P RERH 5 s rwesn  ©owewiw
1 10 102 103 10* 10°
00
. . _ ; t) and bn(t) contain the noise in
Rice representation v(t) = E a,(t) cos(nwot) — by, (t) sin(nwot |
P ( ) n( ) ( 0 ) "( ) ( 0 ) the wo/2 band centered at wo
n=0

Sy(nwo) = [aZ + b2 ] /wo

stationary & ergodic process (means repeatable and reproducible): the
statistics of all an(t) and bn(t) is the same

average on m spectra: confidence of a point improves by 1/m'/2
interchange ensemble with frequency: smoothness 1/m?/2



5.0
/Div

dB

P
V2/Hz

-4120

Fxd Y 1

S

POWER SREC1

Pollution from power grid

608Avg OX%0vl1p

|150 Hz|
250 Hz

Y

S\
\
\
!
|
0
0
|
I
|
|

N

Lt rpernl el L rreud

Ovi

Lk

Lt ool

Log Hz

100k

* More visible on components
than on oscillators
Not hidden by 1/f% and 1/f3

* Preference for odd-order
harmonics
Likely, the signature of the odd

symmetry of saturation in
transformers iron
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Mechanical stability

S, ()4
TN108 rad®Hz @ 1 Hz |

/

;%

I v

\

AN / >
) 1 ¢
I — e ——
r L= 21 1y

|
|
|
\ f
|
‘2
A ‘|0’ 22111(2) h_l
|
or(t) | |
L e
.

Any phase fluctuation can be
converted into length fluctuation

b-1=-180 dBrad?/Hz and vo = 10 GHz is equivalent to
SL=1.46x102 m2/Hz atf=1Hz

Any flicker spectrum h-1/f can be converted
into a flat Allan variance

02 =2In(2) h_4

A residual flicker of —180 dBrad?/Hz at f = 1 Hz
off the 10 GHz carrier is equivalent to

02 = 2x10-23m? —> o0 = 4.5x10-12m

for reference, the Bohr radius of the H atom is ao =0.529 nm
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Bridge Techniques
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Wheatstone bridge

out

synchronous
detection: get
Vc(t) Vs(t)

(AM or PM noise)

equilibrium: Va=0 —> carrier suppression

static error 621 —> some residual carrier
real 671 =>  in-phase residual carrier Vre cos(wot)
imaginary 671 =>  quadrature residual carrier Vim sin(wot)

fluctuating error 6Z1 => noise sidebands
real 6Z1 =>  AMnoise  vc(t) cos(wot)
imaginary 6Z1 =>  PMnoise —vs(t) sin(wot)



Bridge AM-PM noise measurement

%,

V, cos(wgt)

pump

|

(microwave)

U

adjustment

hybrid bridge hybrid
junction junction
-90 DUT -90
0° 0°
dark 0° ‘ ﬂ 0°
% -90° / 7/ -90°
phase & ampl.

3

I
I
I
I
error amplifier
I
|
I
I

‘\‘/
2(t)

coherent

X

x(t)

detector

AM noise

y(t)

FFT

-— e e e e e e s e e

null

x(t) cos(wt) — y(t) sin(w,t)

e Bridge => high rejection of the master-oscillator noise

PM noise

e Amplification and synchronous detection of the noise sidebands

e No carrier => the amplifier can’t flicker (no up-conversion of near-dc 1/f)

e High microwave gain before detection => low background

File: bridge
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e Low 50-60 Hz residuals because microwave circuits are insensitive to magnetic fields



Bridge — Early ideas

=~ VIDEO ANALYZER

SOURCE

"
{#)
- %;BRID
>——H
A TEST OBJUECT f
Phase
r Shifter Rttonuator
suppressed
DELAY LINE { carrier
RF BRIDGE
000

Dalay Line

Power
Splttter

noise

sidebands

K.H.Sann, IEEE MTT 16(9) p.761-766, sep
1968

Carrier suppression and synchronous
detection of the noise sidebands

A.L. Lance & al., ISA Transact. 2(4) p.37-84 apr
1982
F. Labaar, Microwaves 21(3) p.65-69, mar 1982

Carrier suppression and amplification of the
noise sidebands before synchronous detection
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Bridge AM-PM noise measurement

bridge detector
; = V(1) §
@ = G o ] A 2> RECAIF E E%
Y= el v
$ 0° € M Y 0 %
,Y» pump
" wi o] Ny (V) E{) High carrie}‘ suppression:
% no carrier = the amplifier can’t flicker
0 . 7 —> High gain:
AMPLI J—— g
@[ 4 f AAAAA = Npyr(v) /2. k = v(1) — ROgPO — dissip.
! >£/ > ® f:|>) I losses
0
- / '::> Low Noise Floor:
a 2Rog
£ o 2Fk, T, dissip.
> S - ”»
5 - ®0 P losses

0
E> HLSL\. CM’(M’\MB 'e 50 Ha BM

Improved, from RSI 70 1 pp. 220-225, Jan 1999
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and rejection of the
master-oscillator noise

yet, difficult for the
measurement of
oscillators



Build on a commercial instrument

souroe Interferometer
sl 1
[U \;} [ % buT %ﬂ‘- -
$ ova 3 1Y o° E%

detector unit

blue: available in & traditional systero

brown: addad

3 R
Reégw e "[f}‘ >: FET
s
- analyzer
LO .
low—noise
-] variable arapli
i phese
. A
" COMputer system
g software: b
aoJuisition cora puter
analysis
processing
storgge/retrival )
export prnter
. J

You will appreciate the computer interface and the software ready for use
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Origin of flicker in the bridge

CONTINUOUS
Vggr ‘ Aﬂeh.’
Vim ; Me CR-L_
= AANMARL AL - -
: —+
g’"m‘/)&. kA«wL rw.
|
~ Vowr | BY'STEP 4 DEM.
VUM —
___ T Aow Ao
tMok tov .
Moy

Obviown externyon Yo PMWM
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In the early time of
electronics, flicker was
called “contact noise”



Coarse and fine adjustment

hat O.05 4B — corruien eckio
J‘M L,SAB':{N_ - |

SNRLLCA :
A" ' rMSC :
TOLE LARLE Mot "
cormeen _ [- W e o4 Altermale
: - qeluttorn
% A-a. & —Qz %
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Combine all tricks in one machine

Flicker reduction, correlation, and closed-loop carrier suppression

Ry=50Q

power splitter

channel b (optional)

— atten |

manual carr. suppr.

—————————

var. att. & phase

arbitrary phase

E. Rubiola, V. Giordano, Rev. Scientific Instruments 73(6) pp.2445-2457, June 2002

automatic carrier

suppression control

_________________

normalization

B: frame rotation

I-Q detector/modulator
I

- Q

LO -90°| |0°

RF

I Y1 readout Wi
rf virtual gnd -Q G 1 B — -
null Re & Im detect |Q "2 matrix | | matrix |2, !
LO /‘ I I
inner interferometer =\ | "~ pump| r 1
" cr1 e N ox(p) - FFT
! R al
DUT 2 R T channela analyz.
>< | I V1 readout wi |
ANy P I-Q G [| B T
_______ |_€_ 1Y Tt T L] detect |Q V2 matrix | | matrix [*21
|
10-20dB Rj| L2 beun B B 5 S N :
L. .
arbitrary phase coup pump G: Gram Schmidt ortho
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Residual noise of the fixed-value bridge,

in the absence of the DUT
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{
Residual noise of the fixed-value bridge.

Same as above, but larger m
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Noise of a pair of HH-109 hybrid
couplers measured at 100 MHz
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Microwave circulator in reverse mode

(for the Pound Scheme)

_164 — Saje (f)
dB[rad2]/Hz

~174 |-

-184

-194 — -\
C

instrument noise)

Fourier frequency, Hz

Lrrrril

avg 10 spectra
single channel

Weiss domain

Narda CNA 8596
s.no. 157

fast wave

Due to the Larmor precession in the
presence of a magnetic field, the
speed is gyrotropic.

| O L Isolation is due to the interference

-204 L1t L1
10 102

103

between fast and slow wave.
10*

no post-processing is used to hide stray signals, like vibrations or the mains
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+45° detection 3

DUT noise without carrier Tc (t) CcoS wot — Mg (t) sin wot
= Vp cos(wot — 7/4)
Vp cos(wot + m/4)

1

cross spectral density Sud(f) = 5 [Sa(f> — Scp(f)}

UP reference u

N—"

(
DOWN reference d(t

in—phase noise quadrature noise Solf) dBrad?/iz Py=14.1 dBm
detection detection So(f) dne avg 635 specira
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Residual noise, in the absence of the DUT

Smart and nerdy, yet of scarce practical usefulness
First used at 2 kHz to measure electromigration on metals (H. Stoll, MPI)
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A9 GHz experiment

(DC circuits not shown)

ol Pl = TN b
LA :

n.\—"'g'




Background Noise -

S(p ) dBradz/HZ —— real-time
-140 A = = correl. & avg.
= = mhixer, interferometer
-150 -
nested interferometer
160
saturated mixer
-170 -
-180 1 interferometer
- c&rreLsat_uraEd n_1ixeL .
-190 ~
~ double interf.
-200 measured floor, m=32k
-210 -
. etectioll
Fourier frequency, Hz
-220 - : ——

1 10 102 103 104 105
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Introduction

White and flicker noise
(Environment)

Noise in amplifier networks
Low-flicker amplifiers

Experiments home page http://rubiola.org
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AM-PM Noise Types o

H AM-PM noise
) X noise originates . noise
parametric near DC additive originates
around Vo
environmental internal environmental internal
—»| temperature RF leakage white

50 Hz B fields

power supply

acoustic

—>
-
-
>

radiation

—>| flicker (1/f)

v

rnd walk (1/f%)

—> drift

=Fig.1, R. Boudot, E. Rubiola Phase Noise in RF and Microwave
Amplifiers, IEEE T UFFC 59(12) p.613-2628, Dec 2012



Additive vs Parametric Noise

additive noise parametric noise
u(t) : vt) u(t) _ wt)
—O)— e — o—— AM PM }— "ampiiier

input output input output
RF noise,
2)  [deseion x® |y

-
-

(]
(7)) \
(a <_,'
\
g ¥ \----
é_ T + ----------------- v
2 stopband passband stopbang stopband passband stopbant
Yo Vo
the noise sidebands are the noise sidebands are

independent of the carrier proportional to the carrier
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Amplifier white and flicker PM noise 60

Sp(f) bo = N/Py = 1/SNR

bo low power

by high power

« L ] -

fC, fC”

The corner frequency f,., sometimes specified in data sheets is a
misleading parameter because it depends on P,



Phase Noise vs Power

e The 1/f phase noise b_4 is about independent of power

e The white noise bo scales as the inverse of the power

e The corner frequency is misleading because it depends on power

R. Boudot, E. Rubiola Phase
Noise in RF and Microwave
Amplifiers, IEEE T UFFC
59(12) p.613-2628, Dec
2012 (Fig.6 a-f, rearranged)

-110
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£ 130
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T -140
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-150
-160
-100
110

N -120

I

R

S -130

m

©

o -140

-150

-160

AML812PNB1901

10 GHz

Pg = -7 dBn

S, dBrad®/Hz

1 10 100 1000

f, Hz

T T
10000 100000

AML612L2201

9.2 GHz
3406t 2007

S , dBrad®/Hz

¢

P,=-14 dBm

1 10 100 1000

f, Hz

10000

100000

-100

P=-50dBm © Amplifier X-9.0-20H at 4.2 K
P=-60dBm Data from IEEE UFFC 47(6) 1273 (2000)
T P==70dBm ™ N e
N P=-80dBm ¥+~ -
§ THIO e NERE R '-'6-' P=-80dBm’
9 :
8 | AR UUUURRURRE B ST DR SUUUURR
: S
) : : M :
g =120 4o e e R : -P=-70dBm
= ‘ - : # P=-60dBm
g L O RSO URUUUUON URURURRPRUR SRR o3 P=-50dBm
é Fig. 2.9, E. Rublola Phase Noise and Frequency Stabl]/ty in
130 Oscillators, Cambr\dge 2008, ISBN 978 0521-88677-. 2 !
1 10! 102 103 104 105
-135 Fourier frequency, Hz
T R. Boudot, PRD thesis SiGe LPNT32 quency
140 - Measured at|LAAS, Toulouse 3.5 GHz -100 AML412L2001
] 1 9.192GHz
145 110 01/10/09
-150 -120 \\"\
1 Po=-15d8m | T i
-1 R = .
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= m| @ 0= m
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Courtesy of V. Giordano,
FEMTO-ST Institute

Example — Microwave Amplifier

~100 ———r——

Ciao Wireless amplifier

- 10GHz

-110

~120 h

-130

Additive noise scales as 1/P

input power

L(f), dBc/Hz

.
— 'c 2loYA ‘\.
150 ise -
s

COOS[*G
~160 s,
-170 Wﬁf‘ dBm
-180 V. Gjordan(?, que20]8 L ff H.Z o o | . Bm

101 102 10° 104

188
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Noise in Amplifier Networks

Still not like how this section is organized
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White Noise in Cascaded Amplifiers

White noise is chiefly the noise of the first stage

kT, (F4—1)kT, (Fo—1)kT, (F5—1)kT,

v

file: amp-cascaded-Friis

r N\
F— DkTy  (Fs — DET,
No= Rty + S0 SR e
o1 Fa—1 p.419-422, jul 1944

F=F + ( 2A2 ) -+ (22142) + ... Noise is chiefly that of the 1st stage
S 1 2471 y

o FETy  white

0= P, phase noise
\_
-

bo

— I ETy | (Fp —1)ETy | (F3 —1)kTo Friis formula
T _I_ 2 _|_ 2 2 _|_ o o o .
PO A1PO A2A1PO for phase noise




Parametric Noise in Cascaded Amplifiers

E. Rubiola, Phase Noise and Frequency Stability in Oscillators, Cambridge 2008, ISBN 978-0521-88677-2

u(t) oo — 2 % — V)
° AM PM noise-ree AM PM noise-ree °
. amplifier amplifier
input

ampli 1 i

file: cascaded-ampli 0

| |

| |

| |

! l

) ! output

E X5(t) |Ya(t) :

l —

: P asH o
l ampli2 | @=¢+q,

Flicker: the two amplifiers are independent R
E{o?} = E{of} + E{o3} Sa = Sa1+ Sa2
| E{p?} =E{pi} + E{p3} Sa = Sp1+ Sp2 )
C Environment: a single process drives the two amplifiers h
a=a; + a E{a’} = E{(a1 + a2)?}
o =1+ P2 E{¢*} = E{(¢1 + ¥2)*}
_Yet there can be a time constant, not necessarily the same for the two devices y

191



Phase Noise in Cascaded Amplifiers 192

R. Boudot, E. Rubiola Phase
Noise in RF and Microwave
Amplifiers, IEEE T UFFC

-12 -1
59(12) p.613-2628, Dec 0 Avanték UTC573 00 ] AML812PNB1901
2012 (Fig.7 a-c, rearranged) ' 10 hirke 110 10 GHz
-130 - 2 cascaded amplifiers, P = -27,5 dBm
i -120
E 140 V\n‘m fiers-Fl’0=-24dBm E 130 i
(\l\ N\ - -
© ©
o o 1
m SR
% -150 5 140 !
= - ]
@ D 150
-160 1
-160 et
1 Amplifier - Py = - 1 single amplifier, P, = -5 dBrrr
ATO— i e s 170 e
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
f, Hz f, Hz
POWER SPEC1 10AvVg 0%0vilp
-109 Py=-38dBm 2 amplifiers
Po=-36 dBm PO= 21.5dBm . .
P=-305dBm  Fom-12 The expected flicker of a cascade increases by:
16 dB/div 3 dB, with 2 amplifiers
2 — 1 amplifier
dBrad“/Hz . . ;o
 Po=rizeem 4.8 dB, with 3 amplifiers
i White noise is limited by the (small) input
u AML812PNB2401
9.4 GHz
-189 Lottt Lol Lol R F)()\Alfar

10 f, Hz 100k



Flicker Noise in Parallel Amplifiers o

w® [N w0 * The phase flicker coefficient
Rl b_4 is about independent of
5 : : : 5 power
. FQ | | I :-g . .
iz E ! ! ! : output * The flicker of a branch is not
i ® 5| u® \Ak %0 g Yo® increased by splitting the input
o K )
g | | | | § power
L | ; ; 2 * At the output,
1 | I E .
‘ * the carrier adds up coherently
u, (t) V) .
‘Am o * the phase noise adds up
statistically
* Hence, the 1/f phase noise is
Fig.2.16 from E_._Rul_oiola, A.Dhase Noise ar?d 1 reduced by a faCtor m
00h, Ko o5 om0 5677 b, = m b1 o * Only the flicker noise can be

reduced in this way



Parallel Amplifiers, Mathematics

b (t) =

pr(t) =

a5

—1

L
N

1 m
ﬁzvk
_ L
NG

Vid a1 + 2az [y, (t) + wny (¢)] }e”zmot

2@ //(t)

= VZ 2a9m7 (1) 6127”’0"

alv ez27ruot
m 1 2
Z —c 4a Sy (f)
k=1 !
2

4 Sn”(f)

al

1 a9
T 2_ 1
m al

ny ()

cell input
main output

cell — output

cell

cell — output

Z cells — output

m equal cells — output
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Phase Noise in Parallel Amplifiers 3

Connecting two amplifier in parallel, a 3 dB reduction of flicker is expected

-80- ~FS6 -90 JS2
-90 10 GHz 100 10 GHz
_ 1 single amplifier, P, = - 6 dBm
100 110 0
N =110 - j'\:‘
= ] Single AFS6 Amplifier, P,= -40 dBm ~ -120
© | ©
oa) . o -130
©
= -130 'C{
)] S
‘ ! P 140
-140 | e i o | 2 parallel amplifiers, Py= -5 dBm
150 | 2 parallel AFS6 Amplifiers, P,|= -34 dBm -150
-160 T LI L B ) T LI N I ) L) LI BN | L] LI B B B ) ) LI -160 v LB L L} T LI} v LN B L N ) T LB T LB}
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
f, Hz f Hz

R. Boudot, E. Rubiola Phase Noise in RF and Microwave Amplifiers,
IEEE T UFFC 59(12) p.613-2628, Dec 2012 (Fig.8 a-b, rearranged)



Flicker Noise in Parallel Amplifiers

-140
AMLS12PNA0901 (100mA) . .
T e % o 'AML812PNB0801 (ZOOmA) """" § """"""""
N AML812PNC0801 400mA
D =150 e N e (m) ____________
~N
o]
S
= e S N
o
g
g5 =160 - N N N e T =
5 AML812PND08()1 (SOOmA) / -
8 N -
<=
- . . . . =
—-170 i i i i
101 102 103 104 10° 1006

Fourier frequency, Hz

196

Fig.2.17 from E. Rubiola, Phase Noise and
Frequency Stability in Oscillators,

Specification of low phase-noise amplifiers (AML web page)

Cambridge 2008, ISBN 978-0521-88677-2

amplifier parameters phase noise vs. f, Hz
gain F  bias power 102 103 104 105
AMLS812PNA0901 10 6.0 100 9 —145.0 —150.0 —158.0 —159.0
AMLS812PNBO0801 9 6.5 200 11 —147.5 —152.5 —-160.5 —161.5
AMLS812PNCO0801 8 6.5 400 13 —150.0 —155.0 —-163.0 —164.0
AMLS812PND0801 8 6.5 800 15 —152.5 —157.5 —165.5 —166.5
unit dB dB mA dBm dBrad? /Hz




Volume Law

197

The volume law results from a gedankenexperiment
- Flicker is of microscopic origin because it has Gaussian PDF

(central limit theorem)

- Join the m branches of a parallel device forming a compound
- Phase flicker is proportional to the inverse size of the amplifier active region

The phase flicker coefficient b_ is about
independent of power

Splitting the signal into branches, at the
output,

* the carrier adds up coherently

* the phase noise adds up statistically
Hence, the 1/f phase noise is reduced by
a factor m

Only the flicker noise can be reduced in
this way

1
b_l — E [b_l]cell
Relevant examples
optical resonator sapphire resonator
(50 um?) x (mx55mm) 0.1 x[rtx(5/2cm)?]x(2.5cm)
~ 1x10712 m3 ~ 5%107® m3
Optica| fiber 5 MHz quartz
(10 pm?) x (2 km) 0.3 x [t x (1 cm)?] x (0.1 mm)
= 2x107 m? ~ 1x10-8 m?




The Error Amplifier

vi(t)  ops IN_ cP2 o Vo (1)
® PA °
input ﬁ L~ ﬁ delay output
/Ztten
W

P 7 Vi[5 ve(?)
file: amp-error-principle é ay CP3 I}/ error

Use a Power Amplifier (PA) and an Error amplifier (EA)

The carrier is suppressed (strongly rejected) at the EA input
Delay matching is needed for wide suppression bandwidth

Low 1/f sidebands at the EA output because there is no carrier
v, (t) is proportional to the PA noise sidebands

Use v, (t) for the real-time correction of the PA noise

Feedback or feedforward correction schemes are possible
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The Virtues of the Error Amplifier

Assume 3-dB loss-free couplers

vi(t) cpr N « v (t)
° =z PA .
inputw l/ MZ d/elay o
carrier rejection
/zten p (complex), | p | <<1
W
. sz Vuie()P Ve(?)

| " E
file: amp-error-principle / \}/
iy CP3 error

) _ 1 g / N/ iwot [ 1 .
(vie)pa = 2m{a1 +ag [0/(t) + in (t)]}PA e (a1>pA PA contrib
1 twot .
(Vie)in = —§Vi e'“°* (1 — p) carrier
Vie = LVieiot 5 4 11@{2"’—2 /() +in(5)] ) et EA input
2 2 aq PA
1 ; 0 W
Ve = §Vz o{a;} {Zaz [n'(t) + zn"(t)]}PA —I—%{2a2 [n'(t) + zn"(t)]}EA] et error

rejected PA noise sidebands rejected
carrier (useful signal) EA noise sidebands
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Parametric Noise in Regenerative Amplifiers

4 )
RF filter
Vin I : ,—‘ Vout
1 — Apf
feedback R
O 7 2 ¥ Aoan g AT-1
short delay / 0 AT

file: amp-regen-sch phase adj. ampl. adj-
\_ J
( )

A S, (f) [rad®H it
Lgad] Soff) fradel Ao e
1 1— e’
: o) s
7 O\II/f (few roundtrips) i i A — AO 1434 1 w
1013 /P \/\ '10-16 | 1—AyB 1— AyB '
T by | 1
T Seeh g 1= 4.8
10 20 f||e.amp;regen-me:ha | | T | -@rs ; >
1kHz 1MHz 1GHz 1

(b—1)rA = L — Aoﬁr (b—1)ampi

(b_1)ra = m?(b_1)ampli
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S

(dBrad’/Hz)

S

Phase Noise of a Regenerative Amplifier

201

The RA replaces the two-stage sustaining amplifier in a Opto-Electronic oscillator

» OEQ

with RA (exper

imental)

V/\/

| Ol

=0 with RA (the

oretical)

-100 4

g

)EO with 2 casc

aded amplifiers

(experimental)

1104
-120

1304

2140 4

R. Boudot, E. Rubiola Phas
RF and Microwave Amplifi

e Noise in
ers, [EEET

-150 4
-160

UFFC 59(12) p.613-2628, O

(Fig.9)

ec 2012

10

100

10

00

f (Hz)

10000

100000

* A RA is set for the gain of two
cascaded amplifiers

* As expected, the RA flicker is 3
dB higher than the two
amplifiers

* Indirect measurement through
the frequency flicker



Phase-type vs Time-type noise

Phase-type noise

* Phase noise S, (f) is independent of v,

e Time fluctuation S, (f) scales as 1/v§

Example / typical case

* SNR in amplifiers —> white PM

Scp(f) —

FkT

Po

202

Time-type noise

* Time fluctuation S,.(f) is independent
of vg

* Phase noise S, (f) scales as Vs

Examples / typical cases

* Vibrations on cables and optical
fibers

Sx(f) =C

independent of P
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Frequency Synthesis



The Egan Model — Modern View 20

for phase noise in frequency dividers

A Sgo ( f) Q-type xX-type Q-type

stage gearbox stage
=G
Z\/

For N/D < 1, the

scaled-down noise hits
the output-stage limit

7_ (D)

NN
/"

input signal

actual output

noise-free synth output f
-

W.F. Egan, Modeling phase noise in frequency dividers, IEEE T UFFC 37(4), July 1990
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Digital



Phase Noise in the Input Stage

in out
WW % [_r AR
threshold noise phase noise
n(t) o(t)

Threshold fluctuation

threshold
error n(t) i
_____ f-----------. actual threshold
slope : nominal threshold
SR = dv/dt

71 fror x(t) = n(t)/SR

T Vout i i
|

constant vs v

mechanism

2wy n(t)

71 = "Ry 1)
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Phase noise at the input of digital devices **

Sinusoidal signal

v(t) = Vo [1 + a(t)] cos 2mvot + @(t)] = SR = 2wy V)

o) = 20 g = B0
S,
() = 22

constant vs v



Phase Noise Sampling 2

saturated analog gain

A Sy

\

varianceé 02 ={E{x?}

L nh f N 0 A N 0O -

\

equivalent sampling function
input sampling frequency 2y — noise bandwidth B = 1

e Sampling occurs at the edges
* (in some cases, only at rising or falling edges)

e Square wave signals need analog bandwidth at least
3 Vmax ... 4 Vmax

 Aliasing is around the corner



Aliasing of PM noise over-simplified =

tS(£) o2 = NB

slow sampling

- - N/

fast sampling

N//

f

B/ B//
* The Parseval Theorem states that

the total energy (or power) calculated in the time domain
and in the frequency domain is the same

NIBI . NIIBII
* Ergodicity allows to
interchange time domain and statistical ensemble

...and PM noise scales up with the reciprocal of the carrier frequency



Aliasing and 1/f Noise 2

Carrier
—_ —

=> i su

Low power in the high-f aliases

Input signal
(unfiltered wide-band 1/f noise)

etc. | A ietc.
= =
_3fs .f
Little or no effect on the
Reconstructed signal noise SpeCt rum
(little aliasing effect)
f,

1
fn = 5 fs Nyquist frequency

Aliasing of 1/f?, 1/f3, 1/f*... does not strike



Internal Delay Fluctuation

internal stage

fluctuating delay

sharp edge

* The internal delay fluctuates by an amount x(t)

x(?t)

jittered edge

212

* This has nothing to do with threshold and frequency



Phase-type vs Time-type noise e

i S(p(f) aliased p-type  ho

B
b So(f) = V—VzSn(f) 4 aliased x-type
R 0ro Pypg S — 1 (2
e,\»\ Sx(f) Vo <X> Nl/]/
bo ﬁ ~ ]_/1/0 & zjlpe 0 .ﬁ 0

Y *(‘/)% & S
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_//
/

/

/
/.

1
1
1
\
\
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pure p-type e

o o
LS S RN
[ N + o Voo N A
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Fig.10, R. Boudot, E.
Rubiola Phase Noise
in RF and Microwave
Amplifiers, IEEE T
UFFC 59(12) p.613-
2628, Dec 2012

Correlation Between AM and PM Noise

u(t) v(t)
noise-free
. AM PM amplifier -
input T 1z bl [g output
correl_ated
X(t) y(t) z(t) notse

file: AM-PM-correl C@

G

s 0.707

Fig.11, R. Boudot, E. Rubiola Phase Noise
in RF and Microwave Amplifiers, IEEE T
UFFC 59(12) p.613-2628, Dec 2012
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The need for this model comes from
the physics of popular amplifiers

AM and PM fluctuations are correlated because
originate from the same near-dc random
process

Bipolar transistor. The fluctuation of the carriers
in the base region acts on the base thickness,
thus on the gain, and on the capacitance of the
reverse-biased base-collector junction.

Field-effect transistor. The fluctuation of the
carriers in the channel acts on the drain-source
current, and also on the gate-channel
capacitance because the distance between the
‘electrodes’ is affected by the channel thickness.

Laser amplifier. The fluctuation of the pump
power acts on the density of the excited atoms,
and in turn on gain, on maximum power, and on
refraction index.



Flicker of Some Amplifiers

Amplifier Frequency | Gain | Pj4B F DC b_1 (meas.)
(GHz) (dB) | (dBm) | (dB) bias (dBrad?/Hz)
AMLS812PNB1901 8 — 12 22 17 7 15V, 425 mA —122
AML412L2001 4 — 12 20 10 2.5 | 15V, 100mA —112.5
AML612L2201 6 — 12 22 10 2 15V, 100mA —115.5
AMLS812PNB2401 8 — 12 24 26 7 15V, 1.1A —119
AFS6 8 — 12 44 16 1.2 | 15V, 171mA —105
JS2 8 — 12 17.5 13.5 1.3 15V, 92mA —106
SiGe LPNT32 3.9 13 11 1 2V, 10mA —130
Avantek UTC573 | 0.01 — 0.5 | 14.5 13 3.5 | 15V, 100mA —141.5
Avantek UTO512 | 0.005-0.5 21 3 2.9 15V, 23mA —137

R. Boudot, E. Rubiola Phase Noise in RF and Microwave Amplifiers,

IEEE T UFFC 59(12) p.613-2628, Dec 2012 (Tab.l, zartwork)
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Flicker Noise of Components

222

device PM b-1 AM h-1 frequency |References and comments

Si bipolar HF-UHF amplifier -135..-145 5...1000 MHz |(general experience)

SiGe HBT pwave amplifier -120...-130 4..20 GHz |[(general experience)

GaAs HBT pwave amplifier -95..-110 3..10 GHz |(general experience)

Cr3+ maser amplifier (0.2 cm3) =~ -160 11 GHz G.J.Dick, private discussion

HF-UHF double-balanced mixer -135...-150 5...1000 MHz [(general experience)

uwave double-balanced mixer -110...-125 4..20 GHz |(general experience)

KUwave circulator (iso port) -170 -170 9.1 GHz |Rubiola & al, IEEE TUFFC 51(8) 957-963 (2004)
Uwave isolator (terminated circulator) —150 -150 ~ 10 GHz |Woode & al, MST 9(9) 1593-9 (1998)

HF-UHF ferrite power splitter -170 -170 100 MHz |Rubiola, Giordano, RSI 73(6) 2445-2457 (2002)
HF-UHF variab. attenuator (potentiometer) —150 100 MHz |Rubiola, Giordano, RSI 70(1) 220-225 (1999)
HF-UHF by-step attenuator -170 -170 100 MHz  |Rubiola, Giordano, RSI 73(6) 2445-2457 (2002)
HUwave variable attenuator (absorber) —150 9.1 GHz |Rubiola, Giordano, RSI 70(1) 220-225 (1999)
uwave line stretcher -150 100 MHz |Rubiola, Giordano, RSI 70(1) 220-225 (1999)
uwave power detector (Schottky) -120 10 GHz Grop, Rubiola, preliminary (in progress)
uwave photodetector -120 -120 10 GHz Rubiola & al, TMTT/ILT 54(2) 816-820 (2006)
2-4 km optical-fiber microwave link <-110 10 GHz Volyanskiy & al, JOSAB 25(12) 2140-2150 (2008)




Line Stretcher

-170

-1
120 E. Rubiola, V. Giiordano, J. Groslambert, RSI 70(1)|p.220-225, 1999 (’Fig.s)
-130
9428 D
N -140
=
~
g 130 T~ 9428 B
- (92 ps)
-160
o ' -
=]
=
)

-180

-190

-200

L]
‘I

10

100 1k
Fourier frequency

(Hz)

10 k

100 k

Microwave line stretchers
measured at 100 MHz (all
devices are manufactured
by Arra)

solid line: PM noise,
dotted line: AM noise
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Circulators in Isolation Mode

@ synthesizer | short  fBSt o crowave E. Rubiola, Y. Gruson, V. Giordano, IEEE
v=9.19GHz i | ST Virtual gnd Transact UFFC 51(8) p.957-963, 2004 (Fig.3)
__power : 2 : g’=42dB g"=52dB readout
1 |
ampli - (). | | 1o I 2
a L Py=19dBm |, 1 3 ! coupl. | RF | -Q § G é}rﬁm.dt
= : ! A ’ detect | Q V2 matrix | DS
i R | orthon.
%o W LO §
L arbitrary phase tten pump Ry=50Q i Cerine
12dBm matrix rotation
g (0—9)
% manual carr.suppr. FAAA I
9 1 2
E 1 —6dB Y autom. carrier
i trol FFT
2. var. att. & phase -30dB . SRS
dc adjust analyz.
RFE 7 v ¥ uy 4
pump LO| I-Q dual D
gl 12dBm modul | Q z “2 | integr |%2 | matrix

* Destructive interference takes place inside the circulator

* The instruments amplifies and detects the noise sidebands

* The test circuit simulates the insertion in the Pound frequency control
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. . . 225
Circulators in Isolation Mode

S
_164 — 0€I<P(2f) Py=19 dBm
dB[rad]/Hz avg 10 spectra
— single channel
-174
Narda CNA 8596
l s.no. 157
st W
: | | - | | | L} -
-194 -
( instrument noise)
R Fourier frequency, Hz
-204 Lol Lol L1l Sa|<p(1 HZ) equivalent stability
10 102 103 10* | factory and device type ser.no. dBJrad?]/Hz oscillator mechanical
min. max. | oy(7), x1071° | gy(7), x107'? m
E. Rubiola, Y. Gruson, V. Giordano, IEEE
Transact UFFC 51 (8) p.957-963, 2004 (F|g4) Aercomm J180-124 1320 —165.1 —162.6 22 36
Dorado 4CCC10-1 * 101 —171.6 —168.0 12 19
Trak C80124/A E001 | —165.9 —160.3 28 47
E003 | —165.7 —164.0 19 31
Narda CNA 8596 157 —170.3 —170.3 9 15
158 —170.3 —169.1 10 17
Sivers Lab 7041X f 625 —176.0 —164.0 n.a. n.a.
residual instrum. noise < 180 (4.9)
E. Rubiola, Y. Gruson, V. Giordano, IEEE Transact * designed for cryogenic applications
UFFC 51(8) p.957-963, 2004 (Tab.l, zartwork) Iwaveguide isolator




L(f) Noise [dBc/Hz]

|

Circulators in Transmission Mode

40—

N Wodde Ivanov Tobar Appl|cat|on 9f quctuat|ons |n

Pl\/lb1

—1 48 dB T mlcrqwave |so|a'tors' MST 9 (7698) 2, 1593-1599; Fig. &

s H
ettt ELER- P L P P TP PR PP PP} -...-....“....--ru-uu--.o.c.-..--.-.-.--‘.\

-15 0 t_.,.

Offset Frequency [Hz]
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The typical 1/f noise b_;is
of the order of —=150 dB

RA Woode, EN Ivanov, ME Tobar, "Application of The
Interferometric Noise Measurement Technique for the
Study of Intrinsic Fluctuations in Microwave Isolators,"
Meas. Sci. Technol., vol. 9, no. 9, pp. 1593-9, 1998

(Fig.5)

There can be a 2-3 dB calibration error on this figure,
see my annotations on the scanned article.



227

VHF Passive Devices

two ferrite hybrid junctions

two by-step attenuators
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Figs from E. Rubiola, V. Giordano, RSI 73(6) p.2445-2457, 2002



Environmental Effects in RF Amplifiers 8

40 1 1 1 1 1 1
Amplifier phase noise —— Noise Floor
courtesy of J. Ackermann N8UR, http://www.febo.com =
comments on noise are of E. Rubiola H P 508?/\ DNI HZ

B0 TADD-1, 5MHz
Spectracom 8140T — TADD g 1k MHz
N 5_1 =-113.5dB Spectracom 8140T, 10 MHz
60 IJ.l .l'-\.:-.,_'-u_'n.____ A HP 5087A and b—1 is tlhe 1/f noisei coefficienti It iS eXpe rimenta”y Obse rVEd that
TADD-1 10 MHz .
R by =-13308 in dBrad?/Hz (dBc/Hz + 3 dB) the temperature fluctuations cause
199 ol L E a spectrum S_a(f) or S, (f) of the
0 e N 1/f~ type
120 et
| Yet, at lower frequencies the
140 X\ 5 LU ‘.I 1. spectrum folds back to 1/f
1 |
! et
) ' a
background iy
160 b_q =-142dB |
\ﬁ%
TADD-1 5 MHz
b_4=-138.5dB Y I' | H
180 : .

1x10%  1x107  1x10° 1x107 1x10° 1x10" 1x10° 1x10° 1%10° 1x10°
Courtesy of John Hertz
Ackermann, NSUR
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Low-Flicker RF Amplifiers

Still not like how this section is organized



Conversion (Transposed-Gain) Amplifiers  **

10 GHz 200 MHz 10 GHz
® " D " ®

input output

10.2 GHz
D ¢ T o . . N
o amoransoagin.ach * VHF amplifiers and pwave mixers flicker significantly less
than GaAs pwave amplifiers

* Lower flicker is achieved by down-converting to VHF,
amplifying, and up-converting back to pwaves

e Can even work close to DC

* For best rejection of the oscillator phase noise, the delay
compensates for the amplifier group delay

* Made obsolete by the SiGe parallel amplifiers (still useful in
higher bands?)

J.K.A. Everard and M.A. Page-Jones, “Ultra Low Noise Microwave Oscillators with Low Residual Flicker Noise”, IEEE
International Microwave Symposium, Orlando, Florida, 16—20 May 1995, pp. 693—-696



Feedforward Amplifier

* Attenuation and left-hand delay are set for the input
signal to be nulled at the input of the Error Amplifier

* The EA amplifies the distortion and the noise of the

Power Amplifier

e PA distortion and noise are subtracted by feed-
forward subtraction of the EA error signal
*At virtually zero input power, the EA cannot distort
and flicker
* For wide-band operation true delay matching is
necessary
e Cannot be used in the compression region,
otherwise the input-signal nulling does not work
* Originally intended to reduce the distortion of high
peak-to-average power ratio of telecom amplifiers.
Linear loads (cables and antennas) never push the
FFA to the compression region
*For oscillator operation

*Phase matching is sufficient, instead of true delay
matching because of the narrow band

eSaturation must be ensured by an external circuit

input  cp;

—

W
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file: amp-feedforward-sch

N CP2 o cp4 OUtput
PA o
/ ('& d/ela ’-&
y
W MW
o o
atten /] atten
.W.
// ~<’ {%.
delay CP3
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Baseband-Feedback Amplifier

main
amplifier output
?, ., - v * The detector measures the
Phod. ’Am . phase ¢, — @ across the main
input W~ amplifier plus phase
W Lo modulator
v. (t)
t A RF phase .
) CP1 detector * The control stabilizes
dratu IF —
- e 02— p1=C
file: le-corrected-ampli-principle.fig error Signal Vd _ kd(cpz_cpl) (COnStant), Vlrtual ground

control

* The correction of AM noise is
Fig.2.14 from E. Rubiola, Phase Noise and also pOSS|b|e in a S|m||ar Way

Frequency Stability in Oscillators, Cambridge
2008, ISBN 978-0521-88677-2
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Baseband-Feedback Amplifier

main
amplifier output
1 phase ‘ 3 ) CP2 VOft)
: mod Am )
s | =< * The detector measures the
S
vi (O phase ¢, — @4 across the
) CP1 ' ifi
low—noise phase detector main ampllfler plus phase
I 7 o) modulator
- ><L > * The control stabilizes
! phase - | =C
: % atten | P2 —P1 =
A3 | (constant), virtual ground
| (noise) (carrier) (pump) |
] | * Practical implementation
| A I i i ico-
controll e/ error Shase | with a bridge noise
| amplifier |
| . | measurement system
@LO ; * Notice the use of an error
i IF I amplifier
file: le-corrected-ampli.fig Vd - kd(q)z_q)l)

Fig.2.15 from E. Rubiola, Phase Noise and Frequency Stability in
Oscillators, Cambridge 2008, ISBN 978-0521-88677-2
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Environment



Environmental Effects 23>

temperature —»
—»| phase
vibrations —» @
etc. G/
input carrier > %Tg —> amplitude

A time constant can be present

* Temperature
* EM interference

* RF leakage (additive) It is experimentally observed that the
* 50-60 Hz magnetic fields temperature fluctuations cause a
e electric fields spectrum S, (f) or S, (f) of the 1/f>
e power supply type
: Yet, at lower frequencies the spectrum
* acoustic folds backto 1/f

e radiation



Missing items

Random Walk and Drift

* RF amplifier

* puw amplifier

* SiGe amplifier

* RF mixer mixer

e Cr3* uw maser amplifier

* UW mixer

 circulator

e RF variable attenuator (potentiometer)
* RF by-step attenuator

e pw variable attenuator (graphite attenuator)
 variable phase shifter (line stretcher)

* RF ferrite power splitter

* photodetector

* microwave power detector

Radiation
* Permanent damage (memory)
Noise in coaxial cables

* thermal noise (loss)

acoustical noise

piezoelectricity

electret effect

EM noise (leakage)
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Noise in coaxial cables
R

* thermal noise (loss)

Skip this, too tough

e acoustical noise
* piezoelectricity
e electret effect

* EM noise (leakage)
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1 — Basics
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Phase Time x(t)

Let’s allow @ (t) to exceed *m, and count the no of turns

This is easily seen by scaling w down (up) to w = 1 rad/s using a noise-free
gear work

The phase-time fluctuation associated to ¢ (t) is

x(t) — (p(t) / wo jitter Xout = Xin
: : - — N .
x(t) is a normalized quantity, jitter x phase Yout = 75 Pin

independent of wo. —>

phase ¢in




The Polynomial Law
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v(t) = Vo [1 4+ a(t)] cos 2ot + ¢(1)]

 SRNET
VR
S~ N
N—" !
|/
frequen:cy !
d valk [
ranaom \{V& E f phase
5 « | flicker e
frequency
! flicker ‘
log-log scale | f
: ! : : ‘ >
: : l ! : .
_____oscillators only »:4 two-port devices
T : ! i and oscillators
| :
I
~—~ A \ 3
S~ \\ |
N—"
%)
log-log scale | f
: : >

Phase Noise PSD 0
Se(f) = Z bifi
i<—4

Phase-time PSD
{
“(t) = (1)




2 — FPGAS



FPGA Interconnection Structure
Logic Logic Logic O
Block Block Block = Device dependent
. blocks
routing u o
& oW sw E Input/Output
[ — e p— — ®RAM
op|L
Logic Logic Logic O
Block Block Block = *NCO
Slock ® ..etc.
SW SW SW £

Delay & jitter
General routing through switch points

Delay & jitter rather uniform in a block
* Large spread over the interconnect matrix

Dedicated clock lines managed separately
* Low and predictable delay & jitter
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Output Time Fluctuation

e Qutput can be synchronized to the clock
* Time fluctuation cannot be smaller than
e External clock signal ﬂ
e Clock input st .
. CIOCk ;ln_ptu,bs f,ge internal out
OC ISTripution data
* Qutput stage

/0O buf
ck in

clock
==p> 86— >—qrsiribution

R
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Cyclone Ill Clock Buffer

|
(o))
o

1

CYCIII, ck. buff., out vs in.

1 : : : : — 400MHz
..... —— 200MHz
— 100MHz
--------- —— 50MHz
: : : ) : — 25MHz —105+
12.5MHz

: . : 1 : — 6.25MHz
_100 \ P e N ............ .............. .......... — 3.125MHz H

b, d8 __Cyclonell
1 Flicker PM noise

I
~
o

|
00)
o

T
L
o
e

1

|
O
o

. . . _ frequency, MHz
31 62 125 25 50 100 200 400

R R O T

Vo@
o

bo. dB= : =Cyclon=e i
White PM noise |

—120}F (QQ ........... ....... ....... _ N -130+

~1351

=3
5 ag oos

BRSNS I = S s 1 s,

~140} SN N S
- Q. 5 |f§ \\\& 5 5
—1 50 LEompnsrnpoo togedingion tessor 9 ;&ﬂw AL FScA1 10103 INSuppiy\02 Sion

N _150 . . Ifrequenlcy,MHz
102 10Y 10° 10° 102 10° 10* 10° 10° a1 62 125 25 50 100

Fourier frequency, Hz

~1401

Phase noise PSD, dBrad?/Hz

—1451

Flicker

* High vy —> x-type: S, scales as vy ()

* Lowvy —> @-type: constant S,
(but bumps 0.1-10 Hz)

White
* Aliasing at high f and low v,




Phase noise PSD, dBrad? /Hz

Cyclone Il Output Buffer

Double buffer Out VS Out

I
00
o

|

~100{Zo%

—120f

—140r AT R

160 B ] |l

3. 125 MHz
6.25 MHz |
12.5 MHz

25 MHz
50 MHz
100 MHz
200 MHz
400 MHz

G i M m ..,n\ i
10° 10° 10 10 10°

Fourier frequency, Hz
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MAX 3000 CPLD [300 nm] (1) 248

1 divider 100 +10 Divider, 100 MHz ck

., ~ AandNdividers | — 10 MHz T div.
—1104. ._,.,:,__,,(multlébuffer_rlé_co.nf_lg),.g_. 10 MHz A div.
Nz : ‘ : : :

~ NS

—128¢ > ______________ ______________ _______________ _______ NG

T T

D-type register

>:>:>:>:>:>:>1>:>
D> > > > PP Pd

w8 Jout

: : 1K
: : Q . : : L
. g : : : p/

A oo a Y ks, VR 1 ‘ %Qg‘x

75| O— ;‘e’?/;r"” ,\ A V. |
BN X3 TP = 2156, By
¥

pshift register

Y. .

T —_— — - 'H“M."ml

5 : . ' \J': mn '
D, i [ || DR oo ] v ...... b OS s;,_b0~ 165'aB

, ; ; 'I'I" '”I |"“”

—-180 ! I | 1 1 F

10t 10° 10! 10® 10° 10* 10° 10°
Fourier frequency, Hz

T

2
Phase noise PSD, dBrad? /Hz

ref

digital
phase meter

*Flicker region —> Negligible aliasing
e The I divider is still not well explained
* The A divider exhibits low 1/f and low white noise
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Additional Facts
Related to Phase and Noise



The Volume Law

Experiment

-------------------------------------

input —PM >— .
; ; output
@ -9 & °
i L 02 — (2 2
COS(WQt) : —1PM >— E ¥ P1 T P2 .

____________________________________

Gedankenexperiment
e Flicker is of microscopic origin because it has Gaussian PDF

e Join the m branches into a compound

250

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 in this way

e 1/f noise is proportional to 1/V, the volume of the active region



The Volume Law! s

All devices used as +10 A divider at 100 MHz input
(30 MHz with Cyclone and Cyclone Il, and results are scaled up as x-type noise)
The A divider reduces aliasing (white), thus makes 1/f noise more visible

—95 . ———

i INSUUUR __(Residuals.3.2dB.rms) ...\ | -256

100 Zyng @ | —
~ 28 nm 1 ;
S FLOSE N RN —
5 \. Cyclonell ':'

- NN AT e 1 _ |
= 110 N\ ggm Max V Bad experim. 266 V4
— ) : 180 nm cc_)nditions, -l‘-:'
| \ discarded

CL LB e N @ : @
f, 115 © @ 5 ®Cyclone 'O
= z Cyclone lll: “§_ 130 nm =
:8 -120p 65nm N 262 dEMdec e
T 3 z N\ O
v g : \
Q -1 25F5 N A s - O
o) S : \ o
© = 5 \ O
G 130 o e © Max3000 | -286 iL
i_ﬁ g 300 nm
L -135 ' - ' —_—

10* 102 Technology, nm 103
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Input Chatter

"clean” signal Chatter occurs when the RMS Slew Rate of noise exceeds

chatter

, noisy signal
region ¢

detected
crowmg

threqhold

“true’
\ crossing

L]

With high-speed devices, chatter can
occur at rather high frequencies

the slew rate of the pure signal

Pure signal Wide band noise

v(t) = Vp cos(2mpt) (SR?) = 47r2/B 28y (f) df

SR = 27TVOVE) 47_‘_
= ?UVB2 (rms)
Chatter threshold
Ve = L S5
O 3 V2

Example

* Vo =100 mV peak

* 10 nV/VHz noise

* 650 MHz max —> 2 GHz noise BW



Simulation of Ch

atter
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101B=20Hz, Noise=100mVrms | 101B=640Hz, Noise=10.0mVrm: 1 101B=20480Hz, Noise=10.0mV,
E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011
057 T 057 T 057
00 threshold 0.0 threshold 001 threshold
-0.51 -0.5% 0.5+
_1 -0-- + + t + + + t + tme 1 _1 0— + + + + + + + t t}me 1 _1 .0—- + t + + + + + + t}me i
00 0.1 02 03 04 05 06 0.7 08 09 1.0 00 0.1 02 03 04 05 06 0.7 0.8 09 1.0 00 0.1 02 03 04 05 06 0.7 08 09 10
02 : - ; : 02 : - ; : 02 ; i ; :
B =1.0 Hz, Noise = 10.0 mVrms B =2.0 Hz, Noise=10.0 mVrms B =4.0Hz, Noise=10.0 mVrms
E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011
0.1t r 017 T 017
threshold threshold threshold
00t r 00T T 0071
-0.11 -0.1 -0.11
5 | | | ! time o ! | ! | _time o | ! | | , time
-0. + t i + + -0.2 y ; t + t 0.2 t t + + t
047 048 049 050 051 052 053 047 048 049 050 051 052 053 047 048 049 050 051 052 053
02 t = ! t 02 f 50 t t 0.2 ; i f f
B =8.0 Hz, Noise =10.0 mVrms B =16.0Hz, Noise =10.0 mVrms B =32.0Hz, Noise=10.0 mVrms
E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011
0.1t 0.1 0.1t
threshold threshold threshold
00t r 007 T 007
-0.17 -0.1 -0.11
. | | | ! time o I | ! | _time . | ! | | . _time
-0. ; i + -0.2 ; ; ; i -0.2 ; t ; ;
047 048 049 050 051 052 053 047 048 049 050 051 052 053 047 048 049 050 051 052 053
02 ; o + + 02 + s : + + 02 ; f——r + + +
B =64.0 Hz, Noise = 10.0 mVrms B =128.0 Hz, Noise =10.0 mVrms / B =256.0 Hz, Noise =10.0 mVrm/
E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011
0.1t 0.17 T 017 T
threshold threshold / threshold ,/
00T 0071 00T
-0.17 -0.1 —01/
o | | | ! time A I | ! | _time Al | ! | | time
-0. f f t -0.2 f f f f -0.2 f f f
047 048 049 050 051 052 053 047 048 049 050 051 052 053 047 048 049 050 051 052 053
0218 =513.0 Hz, Noise = 10.0 mVrms 0218 10240 iz, Noise = 100 mVrms 0218 220480 iz, Noise = 10.0 mVrms
E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011
0.1t 0.1 017
threshold threshold threshold
00t 0071 00t
-0.1 -0.11 -0.17
02 . ‘ ; . ime{ _;, | | | | ., time 2 | | | | ., time
047 048 049 050 051 052 053 047 048 049 050 051 052 053 047 048 049 050 051 052 053

Conditions

Vo =1 Hz,

Vo=1 Vpeak

V<vo2> = 10 mV rms noise

Noise BW increases in powers of 2

De-normalize for your needs
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Input Chatter — Example

Good agreement with theory

Experiment

* Cyclone lll FPGA
 Estimated noise 10 nV/VHz
e Estimated BW 2 GHz

Asymmetry shows up
Explanation takes a detailed electrical

I model, which we have not
Count(2): 4.6999MHz Jl Ampl(2): 196.9mV [
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Cyclone Il Internal PLL

A.C. Cardenas Olaya & al, IEEE Transact. UFFC 66(2) pp.412-416, Feb 2019

10 Symmetricom
" PL |, toeut 5120A (30 MHz max)
FPGA
‘— Phasemeter
10
MHz » Reference

——» PL B A ll\;I)T’ Input
FPGA
0 Phasemeter
A A divider (inside the FPGA) enable Mz | Reference
the measurement

The divider noise is low enough
A trick to work at low frequency



Cyclone Il Internal PLL

PLL used as a buffer
CYCIII PLL n0|se VS ext ck

I
00
o

E PLL used as clock buffer A

N NN Vout = Vin
L —90F Ny i A B
T E a® ;
o = 4% 30 MHz g ;
M —100- ( -------------------------- R R /. 20 MHz
© = s f s 5
9; %: > 20 MHz
D _110F D=1 TN S ]
o ; q
0 ; i
o g
(- _120_ """"""""""""""""""""""""""""""""""""""""""""""""
Q
0 : S
© ' s
PR 1) SOERRRT TR 10 MHz)-f- 3 OGP N
o File: CYCIII- PLL Buffer . : \

E.Rubiola, C. Calosso Se| t2014 X

F:\2014\Enrico\02_| L ogicsNo \OlpIVI \01 _CYCIINO3_| PLL\OZ Fscan\02_InFreq 5 MHZ

107" 100 10 10 103 10*  10° 10°

Fourier frequency, Hz

X-type —> analog noise in the phase detector

MWW

256

- phase
. D =D detect
v * nnn
=N
| * =C

optional | =2 |

1 " Vvco
Y

VCO |«=—lock

mux

File: CYCIII-PLL-Scheme

* LC oscillator, 0.6-1.3 GHz, Q=10
e Optional +2 always present

* We set D =1 (for lowest noise)
* QUARTUS app chooses Cand N

Crossover between phi-type and x-type at 20
MHz



Phase noise PSD, dBrad?/Hz

257

Cyclone Il Internal PLL

PLL used as a frequency multiplier WW -
. D =D phase
. - detect
2
w0 CYCHIPLL, 10 MHzext. ck. ¢ |
: b_q | —  10MHz =N = I
—56: """"" : | — 20MHz | * +C Yo
- a VCO
£ — 160MHz Y
_7Q 320MHz - File: CYCIII-PLL-Scheme VCO <_IOCK
—  640MHz |
—80 :

I
O
o

* 1/f phase noise is dominant
—100

 Scales as N> —> analog noise in the phase
detector

* ADEV 1.5x10?2 @ 1 s, fu = 500 Hz

—110

: S — . 4

Z

— 120( Fie: eveiirpiivaipier N 3
E.Rubiola, C.Calosso, Sept 2014 : '
F:\2014\Enrico\02_LogicsNoise\01_Meas\01_CYCIINO3_PLL\02: Fscan\01_OutFreq -

100 10° 10° 10® 10° 0% >_10° 10° _
Fourier frequency, Hz —115 dB + 20 logio(vo), voin MHz



Thermal Effects

* Principle

* FPGA dissipation change AP by acting on frequency

* Energy E = CV2 dissipated by the gate capacitor in
one cycle

 Conditions

e Cyclone lll used as a clock buffer

* Environment temperature fluctuations are
filtered out with a small blanket (necessary)

* Two separate measurements (phase
meter and counter) —> trusted result

Outcomes

1. Thermal transient, due to the change of the
FPGA dissipation

2. Slow thermal drift, due to the environment

3. Overall effect of AP

C'lE

258

Phase, Picoseconds

~400 ITSC5125.002
175“
Is df\“ e
15.0 1fs "
125. ,,,,, : a«"“"ﬂ
= //' 1 Cyclone lll clock buffer
# 50 MHz — 25 MHz
90 // transient
! rd
150/
t ‘/
L/ 12 ps
5.0j I
2.5
00! Y ' , ‘ x
0 500 1000 1500 2000 2500 3000 3500 4000

Time, Seconds

Potie )




3 — ADCs



Transition Noise Measurement 700

channel a
WW e s :
@ ® : input ADC ;
[
input : :
{ ta : + ADC

channel b B A <<:;i:::::7
eSS L
“RF ADC L / AVG

Sy(f)

clock distribution

@—tc &

The differential clock jitter introduces additional noise
due to the asymmetry between AM and PM

o> enjas a» a» a» o a»

Grer eGP aP aP Gb D E» @& @ @ a» e oF

At 10 MHz input, the effect of =100 fs jitter does not show up



-160

-180

-200

-220

Background Noise

~ Four-

L(f), dBc/Hz
annel scheme

T T T TTTT T TTTTT T ]

-185 ——
"dif cross_avgl000.txt"

"dif cross_avgl000.dat" ——

"dif ab_avgl000.dat 2chlimitpybAB" ——
"dif cha_chb avgl000.dat"

10

100

1000 10000 100000 1le+06
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Compared to a Commercial Instrument

-20

40

-60

-80

-100

-120

-140

-160

-180

-200

— this is done only to make sure that there is no calibration mistake —

L(f), dBc/Hz

Four—channel scheme "sma-datasheet.dat"

T L T
"sma-agilent-meas.dat"
"sma-alazar.dat" u 1:($2-10*logl0(2)) —

J‘

MR A

AN AN AN ikl i

100 1000 10000 100000 le+06 le+07
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4 — DDSs



Basic DDS Scheme

integer: ni = (ng—1 +N) mod D
cgompIeX' k z/E :k Zlk +1 ex)p( Jn) quantity Sl analog
phase:  0x = (0x—1 + 1) mod 27 state variable n 0 = 27r%
——¢—>| LUT assoc. complex 2z = el?
vs [ D-type i output modulo D= 9m o
e——} register .
clock N T | anrry DAC>— % _ST increment N n= QW%[
| N time k, t=k/v,
l Vo = — Vg
adder 0 -
controIT clock freq. v output freq. vy = DV
word |N

NIVANVANVAY
\VARVARVAR

timet =k/v,

ANVANYS
VARVARVA




ADS912, a Fast DDS

48 bit accumulator, 14 bit DAC, 1 GHz clock

look-up
table

PHASE
48-BIT AQCUMULATOR  OFFSET

(FTW) CONVERSION

|
! -, l
I / :
FREQUENCY ‘& 43 48 ! ANGLE TO
TUNING WORD —| D Qe AMPLITUDE
|
|
1
1

DAC I-SET

DAC
(14-BIT) 4

AD9912 data sheet, Fig. 40

DAC

FROM
SYSCLK
INPUT

REGISTERS
AND LOGIC

DAC_RSET

SYSCLK PLL MULTIPLIER

clock lcp

(12544, 25004, 375pA) K.

muItipIier z% (HIILO)

PHASE
»| FREQUENCY [—»| CHARGE

DETECTOR PUMP
A ~2pF

1
]

(N=2TO 33)
Y

DAC
— SAMPLE
CLOCK

LOOP_FILTER

AD9912 data sheet, Fig. 45
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State-Variable Truncation 706

m .
~~—@ ,E> LUT .’
7 . ..
” D-type A4 q output 0 o
.c_> register sin e \ .
clock carry DAC % —® J 2™ visible
:-----o N . states
adder Vo = [JVe &
D e 9m " op
% % * T hidden stat
N *m - DAC 2< |- : en states
control word : total D = 2™ states
—_
* Only quantization shows up with full m-bit pitch 27 rgd
conversion LN
o
* Technology —> g max <R ; : y .
. -visible pitch .
. > .. ”' l'l | “ ..
Why P>4q .. 2_7T rad / \ error K
* Slow pseudorandom beat, . & (koo rad .8
3d 6h 11m 15s @ 1 GHz, 48 bit “ P
o..": .‘I‘/'\‘..o
,’ e, F o’ .‘
° T ° [

Spurs: Torosyan A, Wilson AN jr, Proc 2005 IFCS p.50-58



. 267
Truncation Generates Spurs

Period of /
Sawtooth
Amplitude | 7| e eee
B | " o )
o ? Vs . o 2
g /', ; ’ E /.’, o . - .
! i . * S \
~ . i PY » 4 2™ visible
o U I o 3 711 1 States
) | | i | | | | P, e | | jd | | é > ..
c 0 T T l T l T T T 7 T T \ 4 1 T » Clock Cycles
"E 1 2 3 4 5 6 7 8 9 2046 2047 2048 2050 2051 ~\2m — 2P
= hidden states
= | Grand Repitition Rate I total D = 2™ states
< Amplitude < _...n
a0 I &
n 2
_,TB ...pitch 2—Zrad i
ED Spectral lines of sawtooth waveform. _.._::_—‘:{__,.- :1 ..' Vs
-2 .'. ‘,A}’isible pi;‘/éh
© . o g Lo c
© I I > Fleausngy fa‘d/; e
- . ; | ) o
8 0 o ." 3Fs “.A/v“ o
> ..., LR
2 P S j
3
= Amplitude
< |
O
() yd
- / /
< Vl lV o T T
g i ¥ . ~
A
S b vl \ | | |
[N ] [N RN
8 .; .;. | : H - : H ' I —» Frequency
RN j | SR o,
TU ..... -
C
<

The power of spurs comes at expenses of white noise — yet not as one-to-one



W. Kester ed., Analog-Digital Conversion, Analog Devices 2004, ISBN 0-916550-27-3

Distortion and Aliasing

RELATIVE 5 =7MHz
AMPLITUDE
HARMONICS AT: [tKfgEnf,| fs = 20MSPS
n = ORDER OF HARMONIC,K=10,1, 2, 3, ...
HARMONICS
ar — —
3 2 HARMONICS
6
9 8 5 T 7
. |
1 2 3 4 5 6 7 8 9 10
W. Kester, Fig 2.44 FREQUENCY (MHz)
2nd. 2x7=14, mirrortol0 —> 6
3rd. 3x7=21, takeaway20 —>1
4th. 4x7=28, takeaway20 —>38

5th. 5x7 =235,
6th. 6x7=42,
7th. 7 x7 =49,
8th. 8x7 =056,
9th. 9x7=63,

take away 20
take away 40
take away 40
take away 40
take away 60

—> 15, mirrorto10 —> 5

—> 2
—> 9

—>16, mirrortol10 —> 4

—> 3

Sampling fs = 20 MHz
Nyquist fn = 10 MHz
Output fa=7 MHz
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PHASE NOISE (dBc/Hz)

PHASE NOISE, L(f) (dBc/Hz)

-100

-110

=120

-130

-140

-150

-160

=170

L
o o

-20

[
2obbibbh Ld
o0 oo oo0oo0 oo

-120
-130
-140
-150
-160
-170

3.3 V: Lower PM Noise than 1.8V

Probably related to the cell size and to the dynamic range

AD9911, AD9958, AD9959

| 1/2/4 outputs

. 75.1MHz

32 bit accu, 10 bit dac

fc=1GHz, 3.3V cmos

b_y

-102.5 dB

= B |
Eb_1_l 100.2 dB b= 75748 |

¥,

100.3MHz | Do =—154 dB
by = —157 dB

4|0.1MHz
b_,=-108.7 dB

b_y=-117dB 15].1MHz

bo=—161 dB

]

10 100 1k 10k

100k ™

FREQUENCY OFFSET (Hz)

AD9858

-
=
=

{ single output

32 bit accu, 10 bit dac

fc=1GHz, 3.3V cmos

1}

|
-
(6]
o
Q
w

10 100 1K

10K

100K 1M

-
=]

FREQUENCY (Hz)

= b+

Plots originally used to extract the noise para

neters

100 AD9852, AD9854
two outputs: 48 bit accu, 12 bit dac
_110 |08 +aUX /1-Q fc=300MHz, 3.3V cmos
¥ -120 <
- 704
g <
L o Aout = 80MHz
@ S | | bo=-159 dB
z 140 Va5 [ by =149 dB
2
T -150 -
160 Aout = 5MHz E
o L E
10 100 1k 10k 100k ™
FREQUENCY (Hz)
AD9912
O R (100Hz TO 20Mba)
1 =-94dB | {oombz: s08fs |
(L L[] s rsres
120 1 Im |
[b_,=—1035dB 1
bo=—141.5 dB
—ro0 QDS By =—110.5 0B 11
) N | [by=—145dB
3 bl MUl bo=-154dB
3 \!k \\ Predel
= T~ i ~ I
5 Eﬁk (081 T mil
=k ‘ T Wl 0 " 50MHz
A N [« 1]
el [ o |
160 LF(H2) 3 [T w1y
100 1k 10k 0k m 10M  100M

Figure 16. Absolute Phase Nois¢ Using CMOS Driver at 3.3 V,
SYSCLK = 1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed)
DDS Run at 200 MSPS for 10 MHz

E. Rubiola, Mar 2007 (adapted from the Analog Devices data sheets)

L(f) (dBc/Hz)

L(f) (dBc/Hz)

-20
-30
-40
=50
-60

-80

-100
-110
-120
-130
-140
-150
-160
=170

-90
-100
-110
—120
-130
—140
-150
-160
-170

10| single output l

AD9956

48 bit accu, 14 bit dac

fc=400MHz, 1.8V cmos

70
|

Lo~ MRz
— -/

VIHZ

10 100

1k 10k
FREQUENCY (Hz)

AD9951, AD9952, AD9953, AD9954

100k —4M

single output,

diff. aux functions

| 32 bit accu, 14 bit dac
] fc=400MHz, 1.8V cmos

_{ f, =9.5 MHz

[ clock multiplier enabled
/A

. /

[ b_4=-107dB /77

/
\“ ‘.f\. /.

o /m‘i“ Wipyayg _

oLy —
A A g
R

10 100

1k 10k

f (Hz)

23
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Experimental Method (PM Noise)

*Pseudorandom noise, slow beat (days)

*The probability that two accumulators are in phase is = 0

*Two separate DDS driven by the same clock have a random and constant delay

*The delay de-correlates the two realizations, which makes the phase
measurement possible

Single channel Dual channel
kind of virtual mixer, after (sub)sampling & direct ADC
TSC5125A
DUT — x N/D synth
= DUT E
© 0
%_D_ G x N/D —e 2
DUT - @
| L 7}
S 90° adjust g
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PM Noise vs Output Frequency

AD9854 ck 180 MHz

Balun and MAV-11 at thg DDS output — 1.40625 MHz
N - 30 dB/dec ; g o

—116f -\ (thermal effect?) - AR e 28125 MHz |
T : : : : — 5,625 MHz
E NN — 11.25 MHz

.
N
‘.IIQIII
»

— 22.5 MHz i

(DDS internal stages )

|
[
w
HPH
i

E[ power supply |

I
=
&

IIqDII

Phase Noise Power Spectrum (dBrad2/Hz)

i - T n
] * ORISR, dUdnn:i" ‘l.'gnj. B o,
—1BOF e N Y N R . ool NN ST
: N N\ PTTY™ WL T
; ;\\ | b, =-162.5 dE

| 1 ((DDS) output stag_eJ 1 | ,
—170 1 0 1 2 3 4 5 6
10 10 10 10 10 10 10 10

Fourier Frequency (Hz)



PHASE NOISE (dBc/Hz)

AD9854 lgggelse

o0 AD9852, AD9854
- two outputs: 48 bit accu, 12 bit dac
_1q0 |LCOSTAUX /1-Q fc=300MHz, 3.3V cmos
& (L [T
-120 ~
) ]
-130 b
%, A = 80MH
553 YT | [bg=-159dB |
-140 Sd@ i bo=-149 dB
-150 —
-160 Aout = 5MHz ~ —E
im0 LT E
10 100 1k 10k 100k 1M
FREQUENCY (Hz)

Flicker is in fair agreement
White is made low by spurs

Basic formula for white noise

4 1

b() = g m radZ/Hz
who [meas, dB|math, dB |clock, MHz
specs |—159 -155.8 |300
YG —158 -155.0 (250
CC -162.5 [-153.6 |180

’dds34

O dds34_ clock250MHz _out8OMHz_am 77 tx

s34 clock250MHz out 4p8Msz2 tx
dds34 clock250MHz out 10MHz.tx
clockZSOMHz out20MHz_amp77.tx
clock250MHz_out40MHz_amp77.tx

[P

=t =+ =+ =~

10000

100000

10 100 1000
AD9854 ck 180 MHz
Balun and MAV-11 at the DDS output —  1.40625 MHz
© 30 dB/dec : : S—
X thermal effect?) - ? ---------------- 3 """"" 26725 Mz |

- : . — 5.625 MHz

— 11.25 MHz

22.5 MHz

Phase Noise Power Spectrum (dBrad2/Hz)

7 Ve

AN

~L1625d5 f

|gDDS) outgut stage) l
1 2

0 103 10*

10°
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Phase noise PSD, dBrad?/Hz

|
o)
o

High-Frequency DDSs

I
00
=

100l A
-120}
-140}
-160}
-180}

—200¢}

—220°"

AD9914, clk 3.2 GHz

— 400MHz
— 200MHz
— 100MHz
— 50MHz
— 25MHz
12.5MHz
6.25MHz
3.125MHz

1.5625MHz |

1,AD9914102_32GHz01 Scary

10

-4

1 0—3 -2

10

io* G0° 16> 10* 10> A0

|
4

Fourier frequency, Hz

AD9914, clk 3.2 GHz

Measured by C. Calosso, INRIM
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L(f), dBc (two dividers)

At}

=T

R

-0}

— HH}

|

-
-
-

— 1810

High-Frequency DDSs
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AD9915 12 bit, 2.5 GHz ENOBZ EZH
. Vek = YA
64 bit accumulator (135 pHz res) by = —165 dBrad?/Hz
T SRy g gl
L4 D05 > tabd ey b *BBﬁ I I"“tas%ﬂi %ﬂ m:% 24MHE RS 013 g
i e | i 3BB200 1S1k- 22’8% T i [ty SRS LN —
. : x ﬂfm—wn_omzm elnuly
. z in_{kBm_out_156. fHz FEFFtxt" u 1:2 —
o m TJ-dBm out_ —If\UMHz FFE 2. m“ u 'f% il
plﬁ mmo:n)tu LQ&“F‘EEE 3 - - -
C’ .......

T A b . - N PP, A

AT

|

i) — (.?; L, pEX

Z

. dl::\ 18 as/VHz

output stage




AD 9912 PM Noise

Focus on 1/1: Only AD9912 ck 400 MHz

AD9912
_110 e LI L L LLLLLLLALL 1
| ”tl)”" _I_IgI‘II-I l(I:IJIB B RMS JITTER (100Hz TO 20MHz)
-1~ 150MHz: 308fs
50MHz: 737fs
~120 T
b_,=—-103.5 dB g= 1415 B
|| AR 0— -
_130 '\..N b_1 = _110.5 dB
S| R “by=—145dB
= Nl Bo=-158dB
140 £ Nibi
\ \*.“'h-n
—150 =7 50MHz
b \' \
0 A I
f (Hz) N 10MHz
~160 L——i.

i 11
100 1k 10k \g})k 1M 10M 100M
Figure 16. Absolute Phase Noise Using CMOS Driver at 3.3 V,
SYSCLK =1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed)
DDS Run at 200 MSPS for 10 MHz

Phase Noise Power Spectrum dB, ;5.

-100

|NR|M — 100 MHz

— 50 MHz

— 25 MHz

\ : D : : — 12.5 MHz
CR0b N | | 3.125 MHz

—130 )1 SEASUNNGN NG I | 1.5625 MHz ||

—110 B\ N\ ,. .. \% ;._.7.”H““”“”L,”.

-140 < : . AN N , 718 SN Vi A

-150 ol AN N e, MRS W R o

—-160

(1.56 MHz: —129 dB (!!!))
_170 PR ke " P N e P PR " A L
10t 10° 10! 102 10° 104 10° 10°
Fourier Frequency (Hz)

*At 50 MHz and 10/12.5 MHz we get =15 dB lower flicker than the

data-sheet spectrum

*Experimental conditions unclear in the data sheets
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5 — Dividers



Aliasing in 1 Divider

Regular synchronous divider
The Greek letter I recalls the square wave T TN

~

input sampling frequency 2v;
nputl] [T LML AL
rLtI' AR R RN IR RN R RN RN RRRRRNRY
I |jitter is discarded | : |jitter is discarded | : |jitter is discarded | :

'

| ' | '

[ [ [ [l
m jitter is jitter is jitter is jitter is
- transmitted transmitted transmitted transmitted

T ¥ T ¥
| ) | |
Y \{ Y Y

@)
o
=
v

output sampling frequency v, = 2%%

* The gearbox scales S¢ down by 1/D? $ z?:;f;’;’(a‘,if

* The divider takes 1 edge out of D o Mt S
* Raw decimation without low-pass filter o | T )
« Aliasing increases S¢ by D 39 g

e Overall, S scales down by 1/D s SLICY COTSN

277



Phase noise PSD, dBrad? /Hz

-70

Results — Test on Aliasing

=10 Divider, 100 MHz ck

.
32
e
80E*
s

I
O
o

—110f

—120f

—-130

(m

~Aand d|V|ders — 100 MHz |nput
— 100 MHz int. ck. ||

ulti-buf N conflg)

—— 10 MHz II div.

10 MHz A div.

III

lII|IIII|llll’llIIlllll|lIIIIIIl![lllllllll’IIII|II:II|II

10t

102

10° 1o4 1o5
Fourier frequency, Hz

=
Q
(9]

White region
* Aliasing in the front-end —> +4 dB
 1/D law and 1/D2 law

Flicker region
* Negligible aliasing
* 1/D2 law (—20 dB)

278



The A Divider — Little/No Aliasing

New divider architecture
Series of Greek letters AAAAA recalls the triangular wave

+10

_Dshift register

:l’Dshift register

out
AN\

wwwww

uuuuuu

ount( 2): 9.9999MHz

........................................
uuuuuuuuuuuuuuuuuuuu

* Gearbox and aliasing —> 1/D law

 Add D independent realizations
shifted by 1/2 input clock,

* reduce the phase noise by 1/D,
 ..and get back the 1/D2 law

A squarewave

input aliasing , ~_

o 1]
Q0 '
S .
n” a
@ ~
= - o
= A divider Y

The names [ and A derive from the shape of the weight functions in our article on frequency counters
E. Rubiola, On the measurement of frequency ... with high-resolution counters, RSI 76 054703, 2005
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Phase Noise of

[1and A Dividers

—100

—10 D|V|der 100 MHz ck

. A and n dlvpders | — 10 MHz 11 div.
sssssssssssssss N 110, 6\7\\4 :4._4(mult|.§buffer_rlédonf,lg)”f._ 10 MHz A div.
AN aiaananas 5 1 ~' ' | | |
T — S IONGEOS ]
. L D-type register E . 2‘&‘\ N
N m N\ 3
o 3 SN R
WW out ~
mnrurL —140F - E LS Wb DR L NG -
g 140 ﬁ ‘
" ; ; .
7 QR ~7'y| USSR ~ : : h I!
o ; i _1~—156 aByl
- g —-160 e S Sy ' mwwm
(v} :
_ c i ], By SIFG5 0B
+10 Dshift register B LG D A e 'I|| l”l || ‘ .
in _l out —-180 -1. IO ......il - .miz. .3
—1I> —— 100 10° 100 10° 10° 10°
w1 Fourier frequency, Hz

_‘I’Dshift register

+10
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The A Divider Versus the DDS

So, dBrad?/Hz
i
B
o

T

. % _(multibuffer N config) .
IS

Ie :
AN

T

=10 Divider, 100 MHz ck
A and I dividers

10 MHz II div.
10 MHz A div. []

| | |

!

| By Sres'aB|

10° 10!  10°

10°

i
10°

10*

Fourier frequency, Hz

Noise of the A divider and two DDSs

noise

A div.

AD9854

AD9912

bo

—165

—160

=~ —163

b-1
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The Leeson effect in a nutshell 20

David B. Leeson, Proc. IEEE 54(2) p.329, Feb 1966
E. Rubiola, Phase Noise and Frequency Stability in Oscillators, Cambridge 2008, 2012
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Heuristic Explanation
of the Leeson Effect



General oscillator model 292

[1+ a(t)] cos[2mvyt + @(t)]

real amplifier

* RLC resonator

""" noise .. 0 _ _
ain | * Piezoelectric quartz resonator
PM AM gain = 1 . .
compression | * Microwave cavity
)

1
l
i
L WP(t) n(t) pmmmmmmmmmmmmmeeeas * Microwave dielectric resonator
E ! * Fabry-Pérot resonator
|
|

________________ ' resonator * Optomechanic resonator
B e Optical fiber
* etc.

Barkhausen condition
Aﬁ — 1 at VO

(phase matching)



Figures are from E. Rubiola, Phase noise and frequency stability
in oscillators, © Cambridge University Press 2008 (adapted)

IAB

The Barkhausen condition in practice 23

small signal

. i +@ @—”—m}t Af =1 (complex)
/ large signal +T

A constant vs w
B (w) is the sharp resonance

B(®)

arg (AP)

W  arg(p) sets the oscillation frequency

é.% tuning range * saturation fixes |[Af]| = 1
for ,

\ arg(f) = arctan Q (a)ﬂo — %)

a)_a)o

® ~ —
20 W close to the resonance



— {7

closed loop function

H(W) = AB(v)e/?

A(v) = const

Phase matching

arg(B) +1 =0

Tuning an oscillator

|H(W)|

arg(H) |

saturated

|H(W)|

-
LT T TS
., :
.

add a phase ¥

Small Y approximation

—> Aw
Y = Qw_o

Tuning

Av Y

wy 20
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Figures are from E. Rubiola, Phase noise and frequency stability
in oscillators, © Cambridge University Press 2008 (adapted)

Heuristic derivation of the Leeson effect *

fast fluctuation: no phase feedback slow fluctuations: yp —» Av conversion

static

static phase \arg( AB) : l/)

— : out Loy
F®— elV ‘{>—«—° arg (AB)+w=0 Q
+ ’ N Sav(f) = (V—O)sz(f)

L[3(j00) = -———5\00 20

natural i
o(t) = P(t) requencyh ntegral
So(f) = Sy (f) oscillation @, = ® +A® Se(f) = 2 (ﬁ) Sy (f)

fast or slow?

Exact result %\A [ S ]
2 1/f2 20

go(f)_ll-l-f—z %) ]S‘/)(f) \:&\:"/f“
r 7




A Method to Sove Phase Noise Problems

Resonator Theory

[1+&(t)] cos[w,t+W(t)] [ resonator | [1+x(t)] cos[w,t+(t)]

> Q, w ‘¥ ‘r

2nd order differential equation

Linear Time-Invariant System
Impulse response and frequency response
in the amplitude-phase space
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Figures are from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press

time
domain

Fourier
transform

Laplace
transform

Noise
spectra

Linear Time-Invariant (LTI) systems

()

\A ®

LTI
system

h(t)

ejot

LTI
system

vi(t) xh(t)

Vi(i )

LTI
system

H(jw) el®t

LTI
system

H(jw) V;(w)

LTI
system

H(s) et

LTI
system

®

H(s) V;(s)

LTI
system

IHG)!? S;(w)

impulse response

response to the generic signal vi(t)
OO .
H(w) = / h(t) e 7« dt
— 00

H(s) = /OOO h(t) e " dt

H(s),s = 0 + jw, is the analytic continuation of
H(w) for causal system, where h(t) = 0fort <0
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Figures are from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press

Time domain

W 2

T+ —T+w, T =

Q

%@(t) ‘é”

shorthand: f = w /21 Wp

T i(t)
(\/ 5 v(t)

inductor

vy (t) = L% i(t)

resistor

ve(® =R i(t)

capacitor

Ve(t) = éjot i) dt’

natural frequency
quality factor

relaxation time

2
T:_Q
Wn,

free-decay pseudofrequency
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\
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|
I relaxation
: time

w
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=
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Figures are from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press
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Q

The resonator

: Wn .
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Wy, S

p(s) = Q s2 490 4 2

Q

Laplace B(s) =X(s)/V(s), s=0c+jw

frequency domain complex plane
IBGw)! o jo
S=
. . o,
Optiy =R @y =0 4Q2-1
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6 _—— | \
P~ 2Q !
Q —©
; o)
lin—lin plot o RN
c,~jo, “HK-=--
—T7t/2




Resonator — Frequency domain 0
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Figures are from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press




Figures are from E. Rubiola, Phase noise and frequency stability

in oscillators, © Cambridge University Press

Laplace-transform patterns

Fundamental theorem of complex algebra: F(s) is completely determined by its roots

complex plane 1 ‘[ j * omega
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Impulse response of the resonator 2

D =

[1+&(t)] cos{wot+lp(t)] resonator | [1+&(t)] cos[w,t+p(t)]
\

|

>
Q, w, ¥ *
2nd order differential equation

Can’t figure out a 6 (t) of phase or amplitude? Use Heaviside (step) u(t) and differentiate

set a small phase or amplitude 1.0

step Kk at t=0, and linearize for k—0 time T

cos[wgt+p(t)]
cos(wot) t=0 resonator [1 +o((t)]cos(w

Q, w, —o\ —\\—o—e

cos(wot+|<)
— or — K [b(t) dt

(1+ K)cos(w,t) 00 05 10 15 20 25 30

file: ele-resonator-delta-response



Figures are from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press

Response to a phase step k

A phase step is equivalent to switching a sinusoid off
at t = 0, and switching a shifted sinusoidonatt =0

switched offatt = 0

vi

[/

phase O

A
VAR

\ ,o ()

envelope

exponential decay
v®  cos(wpt) e VT

N
~
~
~

T t

switchedonatt =0

vy () phase K
VAANANN
VAVATATAVAVAR
exponential growth
Vo® AV cos(wpt + K) [1 — e_t/T}
""" _-_—envelope
T ! t
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Impulse response, wg = wy,

v;(t) = cos(wot)u(—t) 4+ cos(wot + k) u(t
~ - RN ~ - phasestepkatt =0
switched off at t =0  switched on at t =0

Vo (t) = cos(wpt) eV 4 cos(wpt + k) 11— e_t/T] t >0 output

Vo(t) = cos(wpt) — ksin(wpt)[1 —e 7] Kk — 0 linearize
Vo (t) = cos(wot) — K sin(wot) [1 — e_t/T] Wp — W high Q
1 . _
Vo(t) = ﬁ {1 + JjK [1 —e€ t/T] } slow-varying phase vector
%{Vo(t)}) iy
arctan ~ k|1l —e 7| phasorangle
(Reveggy) =Fli=

delete k and differentiate
impulse response

b(t) = %6—87 o B(s) = Si/f/T
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Detuned resonator

305

amplitude |[a|  [baa  Dbao . | € - Al |Baa Baol |€
phase ©|  |Ppa Dby Y ®|  |Bpa Bgp| |V
) =wo—wn detuning
Bo = |ﬁ(]w0)\ modulus
0 = arg(B(jwg)) phase

ﬁi cos(wot — @) u(—t) + 1
0

vilt) 5o

7

— cos(wot — 0 + k) u(t)

phasestepkatt =0

7

"~

switched off at t = 0

1 1
=5 cos(wot — @) u(—t) + 5o
1 1

~ — cos(wot — O) u(—t) + —

Bo Bo

~
switched on at t = 0

cos(wot — 0) cos k — sin(wot — 0) sin k] u(¢)

cos(wot — 0) — ksin(wot — )| u(t) < 1.



Differential equation 06

Details On.

X+—X+wpx =—7V
Q " Q

Probe signal, t < 0 Characteristic equation

Wn
s+ —s+w?=

1
v;(t) = —cos(wyt — 0
i(t) 0 (@o ) Solutions of the char. eq.
where 3, and 8 are chosen for _ §=0pLiwy
with
X, (t) = cos(wqt w w 1 2
o () = cos(wot) o= = 171 o120

in stationary conditions 2Q Uy G

General solution of the DE

i < £ . i .
Baseline, t < 0 x(t) = A Cos(a)pt)e T+ B Sln(a)pt) e T+ Ccos(wgt) + D sin(wyt)
xp1(t) = cos(wot) The coefficients A, B, C,D are set by the BCsatt = 0andt = oo
Alternate form of the general solution, make w, explicit using w, = wy — Q

t t t t
x(t) = [C’ + A cos(Qt)e T — Bsin(Qt) e_?] cos(wyt) + [D + A sin(Qt) e T + B cos(Qt) e_?] sin(wgt)

Define () = wy — w, , where w, is the frequency of

the force, and replace w, = wy — O Switch-off transient, t = 0

t

— 2 2 t t
cos{wpt) = cos(Qt) cos(wot) + sin(Qe) sin(wot) Xoge(t) = cos(a)pt)e_? = cos(Qt) e 7 cos(wyt) + sin(Qt) e =sin(wyt)

sin(a)pt) = —sin(Qt) cos(wyt) + cos(Qt) sin(wyt)



Phase
response

sw-ON

Sim(wet )

cos (ot)

:sl"h(wotj -
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Switch-on transient
t t t t
Xon(t) = [C’ + A cos(Qt)e T — Bsin(Qt) e_?] cos(wpt) + [D + A sin(Qt) e T + B cos(Qt) e_?] sin(wgt)

BC t >0 = e /TS50 C=1 D=—k
t>0 = ettt C+A=0 = A=-1
D+B=0 = B=k

t t t t
Xon(t) = [1 — cos(Qt)e T — k sin(Qt) e_?] cos(wgt) + [—K + k cos(Qt) e T — sin(Qt) e_?] sin(wgt)

Add switch-off and switch-on transients
t t

Xoff(t) + xon(t) = [1 — Kk sin(Qt) e_?] cos(wot) — K [1 — cos(Qt) e_?] sin(wgt)

Get the effect of the step by subtracting the pre-switch steady state, and deleting k

1
xy(t) = E [Xote(t) + xon(t) — xp1 ()]
x,(£) = sin(Qt) e~/ cos(wot) — [1 — cos(Qt) e~/7] sin(wt)

Step response Impulse response

1
0, =1 — cos(Qt) et/ differentiate  ¢s = [; cos(Qt) + Q Sin(ﬂt)] et/

—

_ 3 1
a, = —sin(Qt) e /7 as = [—Q cos(Qt) + ;sin(ﬂt)l e~ l/T
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A m p | |tU d e Switch-on transient

t t t t

re S p O n S e Xon(t) = [C + A cos(Qt)e T — Bsin(Qt) e_?] cos(wgt) + [D + A sin(Qt) e 7 + B cos(Qt) e_?] sin(wgt)

BC toow = e /TS5 C=14+kx, D=0
g w -ON t—>0 = et/">1 C+A=0 = A=-(1+k)
D+B=0 = B=0

S t t
/ Xon(t) = [(1 +x)—(1+k) cos(Qt)e_T] cos(wot) — (1 + k) sin(Qt) e T sin(wyt)
Hu(wt) ©

Add switch-off and switch-on transients

6
&
~—r

R

~

4 A/—iﬂ‘ Xofe(t) + xon(t) = [(1 + k) — Kk cos(Qt) e_%] cos(wgt) — k sin(Qt) e_g sin(wgt)

pim(edet) o Get the effect of the step by subtracting the pre-switch steady state, and deleting k
=

1
xy(t) = E [Xote(t) + xon(t) — xp1 ()]
x,(£) = [1 — cos(Qt) e7/7] cos(wot) — sin(Qt) e~/ sin(wt)

Impulse response

1
differentiate Ps = [Q cos(Qt) — ;sin(ﬂt)] e t/T

—

Step response
@, = sin(Qt) e~t/7 )
a, =1 — cos(Qt) e~t/® as = [; cos(Qt) + Qsin(Qt)] e~ t/T



Impulse response of the detuned resonator ™

Time domain

1
—cos(Qt) + Qsin(Qt)

0)-;

1
Q cos(Qt) — - sin(Qt)

1 i
—Q cos(Qt) — - sin(Qt) ¢

1
- cos(Qt) + QO sin(Qt)

Laplace Transforms
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A in one of the coupling terms
may be wrong, double check

Resonator step and impulse response

L3 Step response of the detuned resonator
Parameter: detuning frequency F
. L
o+ > ¥ — —
<
N 0
05t
AL
N\
0 phi/alpha, alpha/phi
00 2 — -
F L2 mEREEE
F L

—0.57

ﬁgure:‘ 945-reson—step—response
| oL PR | | | time, t/tau
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057

Impulse response of the detuned resonator
&: Z Parameter: detuning frequency F

alpha/alpha, phi/phi

0.0

-1.04

figure: 946-reson—impulse—response
source: oscill-am—noise
E. Rubiola, jun 2009
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Figures are from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press

Frequency response
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Formal Proof for
the Leeson Effect



Low-pass representation of AM-PM noise

E. Rubiola, Phase Noise and Frequency Stability in
Oscillators, Cambridge 2008—-2012

E. Rubiola & R. Brendel, arXiv:1004.5539v1,
[physics.ins-det]

The amplifier

________________

—mmmme eI ISISI
gain

]
!
compression | |
]
)

— “copies” the input phase to the out

— adds phase noise

resonator RF’ HWaves
B or optics
\ J
low-pass equivalent
( (
PM AM
o) < A9
Y(t) « Y(s) @) & D(s) £(t)
RN l u v &R
W—O— > G 2%
low-pass gain fluctuat. \"--;;;J;a-ti-o}--
b(t) < B(s) n() < Ms) }\A\
low-pass !
I'b(t) & B(s) L1 u,
L Leeson Effect _extension of the LE to AM noise )
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http://arxiv.org/abs/1004.5539v1

Figures are from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press

A — Oscillator transfer function H(s)

Q)
constant zeros

NS

o

Effect of feedback

Oscillator transfer function (RF)

poles function of A
»

¥

incréasing A

negative ffeedback
insufficient gain

0
x

excessive gain

B — Detail of the denominator of H(s)

Q)
=0 fila
oben loo oscillation
: A=1+2Q
(o=
8 .g
ool B
(o= )
2 = -< > =
Q 73]
E| 8 c
2| =
gl ©
=]
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7

The Leeson effect

315

phase-noise transfer function

A=1
0 o ¥ )noisy ampliﬁy
W) < ¥ (1) > B(s)
OS5 1
X \&J [/)
[ low-pass A
b(t) & B(s) B(s) =
| resonator )‘/ ]
P(t) < ¥(s) @(t) < P(s)
® °

file: ele-PM-scheme

low-pass
P V1

W

— relaxation time

T=20Qw,

complex plane

H(s) Ajw

—O—x—>
—1/7 ©

_ 9(s) L
R0 definition
1 general
— feedback
L B(S) theory
_ 14T Leeson
ST effect

transfer function

MNHG 1)
_
N\ g i, — 20
] fo
Ir o



Figures are from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press

Oscillator with detuned resonator

9,1 (@)
!
T

AN
|
1

phase noise transfer function [H(Gf)IA2

T T
file le—calc—bigh
src allplots—leeson

F = Omega / (2p1)

34 i
)t i
1+ = =
R L -, .,
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0

normalized frequency f/f_L

A
resonator H(s)
tuned at jw
° X
B
resonator
detuned by Q<<w, H(s) j
+Q s O
X X
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Galn saturation

hard clipping

soft clipping u ‘: \V/

oscillator operation
V' P

linear A=1-y(u-1)

van der Pol
(quadratic)

file: ele-clipping-types 1 u

Gain compression is necessary for the oscillation amplitude to be stable
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a(t) S

file: ele-AM-scheme

Low-pass model for amplitude (1)

u‘= 1+0(u

vV =14+«
*—o v

>

low-pass

V2 V1
—t_ relaxation time

T= 2Q/v0

simple feedback theory

U = €+ vy

1
’U2=—/(’Ul—’02)dt

.
Vo = U — €
v =v = Au
1
u=e—|——/(A—1)u—|—edt

T

differential equation

1 1
t——(A—1Du=—€e+¢€
T T

oscillation amplitude to be stable

Gain compression is necessary for the
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Low-pass model for amplitude (2) -

Gain Compression | homogeneous ]
A differential u — — (A — 1) u =20
Olc~c A=1-y(u-1) | equation T
1 ““\f\ :
: |
1 u g ,:

Three asymptotic cases

)
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Startup: u—-0, A—->40 > 1
1

u__(AO—l)u:O = u:Cle(AO_l)t/T
T

rising exponential

At low RF amplitude, let

the gain be an arbitrary
value denoted with Ao

—I'_>
\

For small fluctuation of

'
]

the stationary RF E
amplitude, the gain :
]

]

\

Regime: u—->1, A =1-y(u-1)

’d—l—l(u—l)uzo = | u=Che "
T
__________________ / restoring time constant r = T/y

varies linearly with IV

Lineargain: A = 1-y(u-1)

R : ] 3
SII’T1.p|IfI.C8tI0n. the gain ' A=1-y(u-1) !
varies linearly with V' in | . 0 1
all the input range ! | . u =
! - ] 1
: :
\ ’

(m — ].) G_Wt/’r + 1




Startup — Analysis and simulation

12
111 analytical solution,
10t
097 A= 1- y(u— 1)
08
0.7 +
g':: 10 MHz oscillator
041 L=1mH
ol R= 250
011 Q ~ 503
8:884-00 5.0é-05 1 .0é-04 1 .5;.-04 2.0e-04
150 _
van der Pol oscillator
100 -,'““"ll ll'"'“"'. simulated by Rémi Brendel
g s IR . .
2 NN Rising exponential.
S 0 i 'l " | We find the same time constant - 7/y
5 |
2 -50 |r |I -
- [ |I || j
100y W See also Fig.15 of Addouche, Brendel et
_150 I I S N N N— al., IEEE T UFFC 50(5), May 2003.
0 50 100 150 200 250 300 350 400 3998 400

Time (us)
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. . 321
Gain fluctuations

A A fluctuating oscillator operation
A=1-y(u-1)+n

fluctuation n

>

file: ele-gain-fluctuation 1 u

Gain compression is necessary for the oscillation amplitude to be stable



Gain fluctuations — Output is u(t)

u.= 1+0(u

@e(t) @ l I:A\ v=1+q,

low-pass 77
P \'

Vo 1

relaxation time

file: ele-AM-scheme

Linearize for low noise and use the
Laplace transforms

ay(t) < Au(s) and 7(t) < N(s)

H,(s) = ﬁ}j’((j)) definition
Hu(s) — 1/T result

S+ /T

. ]- non-linear
U = ;(A T 1)“ equation
A=1—vyu—-1)+n

Y _n

u + ;(U — 1)“ — ;u linearization
{ N \ \< for low noise
- Y . 1 linearized
Oy ;Q‘u — ;77 equation

(3 — 1) Au(s) = %N(s) Laplace

transform

Hy(s) 4 $H.(f)I?
[1/7%,

X
Qay

/f?

’Y.fL ‘ f
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Gain fluctuations — Output is V(t)

u.= 1+O(u

®e(t) /Z\ 1 I:A\ v=1+a,

v, low-pass v, ’]7

—— relaxation time

file: ele-AM-scheme

boring algebra relates av to au
v = Au
A=—vyu—-1)+1+n
v=[—y(u—-1)+14+nu
v=[—yoy +1+mn] [1+ o]

/I/—I—Oév :/1/‘*‘77_’70%‘{‘0%_%7_%
ay = (1 —7)au +7
Qy — 7
1—79

linearization
for low noise

Oy =

323

Y starting
(S + ;) A\U(S) = ;N(S) equation
. Av (8) _N(S)
1
(++ D)= (o Doty
A, (s
H(s) = N((s) definition
1
H(S) s /T result
s+ /T
y<1 Ajw o A \ <«—Leeson
. S|
¢ > = | <f\:
-1 -y o o | E E
[Y>1]. A_[(.l.) .Y.>.1§.--E." E
——] — >
vt 1R _5 vfr fu /L




Noise — Outputis u(t)

us= 1+0(u
g(t) =\ l v=14+x
w—E IA>—-—° v
low-pass
Vo WL
—— relaxation time
file: ele-AM-scheme T = 2Q/VO

Linearize for low noise and use
the Laplace transforms

ay(t) « Au(s) and €(t) & E(s)
_ Auls) —
HU(S) o 5(8) definition
1
Hu(S) — 5 /T result
S+ /T
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) 1 . 1 non-linear
v ;(A\_ l)u TeT ;e equation
A=1—-—v(u-1)
1
U+ z(u - 1)U — € + —¢ linearization
vooT l x T for low noise
Oty Qy 1
g — 1 linearized
o i ;au =€t ;6 equation
1) = l Laplace
(S " Au(S) a (8 * T) 8( ) transform
. (R .\,
$ > = | <1\
=1/t —y/t o E : E E
A i g :
[Y>1]. jo il o
— i1 — . >
A —'i/T o file: ele-H-Al M "ny .fL fny




Noise — Outputis u(t)

u=1+x
— u
@E(t) @ l IA> v=1+q,
V2 low-pass V1

relaxation time

file: ele-AM-scheme

boring algebra relates o’ to a
v=Au

A=1—~vu-1)
v=[1—7vu-1)]u
1+ ay =[1 —you] [1+ aq]

/1/+av =/1/+C¥u—705u—m

ay = (1 —7)ay
Oy

1 —v

linearization
for low noise

Ay —
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j i — ¢ 1 linearized
o i ;Cku\— €T ;E equation
1 7 o1
ﬁ (av_i_;av) =€+ ;6
_—— (S + 1) Ay(s) = s+ B E(s) Leplace
L v U ° - T transform
A, (8)
His) = E(s) definition
s+ 1/7
(s) = ( )s—|—7/ result
y<l1l Ajw o A \ «Leeson
. (R .\,
$ > = ) <]§\l
-1/t —y/t o E : E E
[Y>1] Aj(.l) y>1§ s
*—o——> — >
A —'i/T o file: ele-H-Al M "ny .fL fny




Parametric noise
& AM-PM noise
coupling

E. Rubiola & R. Brendel, arXiv:1004.5539v1 [physics.ins-det]

—ceecececcecececececcceocomomomom ooy

10 =N l """"" * 0,0 o A0)
o Ty A oo
: 3 ! IA\ P E V= .1+0(V
o pas | | BECRENC
o i Byo i s+ 1/
_____________ - N Y H,(s) s+/T
Amplifier ! H, (s) = 1/7
noise ] T sy /T
np
x(t) & X(s) | ! R ST RN ,
: ) w Ll AM-—PM |
% l E Y coupling !
Wy, i e it
5 I LA A S
i PMloop |  c(t) o d(s)
L (3 > ! .
W't) o Y'(s) | o) |7 I | H(s) = L7
| B i o5 = ST

----------------------------


http://arxiv.org/abs/1004.5539v1
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Effect of AM-PM noise v 2o AN reshones
coupling

' d
' |
\ : : V\
-~ ‘ | |
' 3 i ! ! ideal
| near-dc )\ amplitude o*—> _jaeat fluctuating
H | fluct n/y ! A=1-y(u-1)
: random process by | A=1-y(u-1)+n
: / \ Lo >
i by
i phase gain |!
i fluct. @' | | fluct.n |} 3 loop AM respons
S— \ W —— .. e 77T S
|
/

1 1+nly u

E. Rubiola & R. Brendel, arXiv:1004.5539v1 [physics.ins-det]



http://arxiv.org/abs/1004.5539v1

Noise transfer function, and spectra

1e+06 = = -
Effect of AM—PM coupling
Parameters
le+05 + tau =1.59e=6 F_L =1.0e5
gamma =005 gamma*f_L =5.0e3
coupling =-04
10000 +
black: Leeson effect
1000 + blue: AM noise
red: combined
100 T
10T
figure:. 95§ﬁAM—PM—cp1
1B Rubiola, apr 2010 | frequency '
100 1000 10000 le+

1le+06

le+05 Tt

10000 T

1000 +

100 T

107

Effect of AM—PM coupling

Parameters

tau=1.59e=6 F_L =1.0e5

gamma =005 gamma*f L =5.0e3
coupling =04

black: Leeson effect
blue: AM noise

red: combined

figure: 957-AM-PM—cpl
source: oscill-am—noise
E. Rubiola, apr 2010 | frequency

1 . ,
100 1000 10000 le+05 1e+06

AM-PM coupling shows up here

Notice that the AM-PM coupling can increase or decrease the PM noise

In a real oscillator, flicker noise shows up below some 10 kHz
In the flicker region, all plots are multiplied by 1/f
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Oscillator Hacking

Still not able to hack the Rohde oscillator



Amplifier white and flicker PM noise 30

Sp(f) bo = N/Py = 1/SNR

bo low power

by high power

« L ] -

fC, fC”

The corner frequency f,., sometimes specified in data sheets is a
misleading parameter because it depends on P,



L(f), dBc/Hz

Ciao microwave amplifier

~100 [———T——

Ciao Wireless amplifier
~110

" 10 GHz

~120 h

-130

input power

~140

Additive noise __
scalesas 1/P |

-150

-160

-170 _ () dBm

_180 |V Giordano, Jupe20t8 . Jr e o 0dBm

101 102 103 104 10° 106 107

Parametric noise in amplifiers tends to be independent of v
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Figures are from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press

Oscillator noise — Real sustaining amplifier

Se() Typel f; >f

C

. white phase

e

f

Se() Type2 f, <f,
b,
fgﬁgseé white phase
=
f, £ f

The sustaining-amplifier noise is S, (f) = by + b_;/f (white and flicker)

332



Figure from U. L. Rohde, E. Rubiola, J. C. Whithaker, Microwave and
Wireless Synthesizers, ISBN 978-1-119-66600-4, ©J.Wiley 2021 (adapted)

333
The output buffer
low noise noisy Cascading two amplifiers,
D D flicker noise adds as
Se(f) = [Scp(f)]l + [S<p(f)]2

—

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

So(f) Se(f)
A A
3 _ 1/ 3 apparent
7 1/f f corner
- oscillator -

loop

: , 14
: /. 17

oscillator loop

1/f2 5dB R
3 i5 dB - / 2 f
RS
~q ~ So ~ fo
-t~ ~ - U S ~
fx\ ~ . 0 sustaining RO TR N
i PRGN _@ f | amplifier S ———
/‘ r-->—<-:--- b b ] buffer
sustaining ~ i eeson
1 1 1 1 - 1 1 1 1 1 >




Figure from U. L. Rohde, E. Rubiola, J. C. Whithaker, Microwave and
Wireless Synthesizers, ISBN 978-1-119-66600-4, ©J.Wiley 2021 (adapted)

The fluctuation of the resonator

 The oscillator tracks the resonator natural

frequency, hence its fluctuations

Phase-to frequency conversion

fO-=1/f%1/f - 1/f3, etc

C - Low-Q, real resonator

(unlikely)
dominant
resonator

fluctuations

negligible
resonator
fluctuations

oscillator loop

] apparent
,_—— comer
~
IS W 1/f2
\~f\\ N i f
sustaining <~ |
7 amplifier S 4 - buffer_ _ _ |
1 1 ; 1 1

e The resonator bandwidth does not apply

to the natural-frequency fluctuation.
(Tip: an oscillator can be frequency
modulated at a rate > f;)

D - High-Q, real resonator

dominant
resonator
fluctuations

negligible
resonator
.- fluctuations

oscillator loop

< ~
0

7| sustaining f
amplifier ~ —_—— e - - ——

7 buffer

>

1 1 1 1 1

f L f c f
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Analysis of Commercial Oscillators

Se(f) _JdBrad¥Hz
The purpose of this section is to help to understand the _80

oscillator inside from the phase noise spectra, plus
some technical information. | have chosensome &,/ _1008ECa T

. . . o Vs . : : . g
commercial oscillators as an example. ; N SN S A S AT

Agilent prototype

The conclusions about each oscillator represent only 0@~ "B Rl s s oo s e
my understanding, based on experience and on the : : :
data sheets published on the manufacturer web site.

You should be aware that this process of interpretation
is not free from errors. My conclusions were not
submitted to manufacturers before writing, for their
comments could not be included.

Fourier frequency, Hz

The spectrum is © Agilent. The figure is from E. Rubiola, Phase noise
and frequency stability in oscillators, © Cambridge University Press



Figure from U. L. Rohde, E. Rubiola, J. C. Whithaker, Microwave and
Wireless Synthesizers, ISBN 978-1-119-66600-4, ©J.Wiley 2021 (adapted)

336

Example — DRO100, Synergy Microwave Corp.

" IL(f), dBo/Hz DRO100, 10 GHzDRO 1. White PM: by = 1077
-70 Synergy Microwave Corp. * Useb, = FkT/P,
-80 - —— T — e Guess F =1.25 (1dB)

_50 * Find Py = 520 pW

-100

2. White FM: b_, = 1.41x107*

e Fromb_,/f% = b, find f, = 3.75 MHz
* Use f, =v,/20Q

. Find Q = 1330

-110 - S S T A W
-120
-130

-140 - SO R Wmi——é——fmi—

3. Flicker PM: b_5; = 14.1
e Fromb_3/f3 =b_,/f?find f, =100 kHz

Use S, /Sy = (fi/f)*atf < f;
e Find b_; = 10712 sustaining amplifier 1/f

-150

-160

-170

— — — et dt [t —— e [o— = e — —— -
-180 E.R, Dec 2017

1000 10000 100000 1000000

f.Hz

1
1
5 10000000

fo = 100 kHz f = 3.75 MHz



Example — Rakon HSO 14,

-70.0 - T — —
\ L(f), dBc/f—l | Rakon HSO 14 OCXO, 5 MHz
-80.0 B S R R - Edtféiﬁé“c”;n‘?i‘ill'*it°££”23§§$f@
-90.0 | | L N O I O IR 0 11| N B B 6] it
~100.0
({ [b_s]sc = 6- 3x1o-14
-110.9. N R

E -14
oy = 5'9);(10

[bglose = 1.6x10716
3l el

T "]“'4
f,Hz |
105

103 10

101
Q=2x10% => f =1.25Hz

Figure from U. L. Rohde, E. Rubiola, J. C. Whithaker, Microwave and
Wireless Synthesizers, ISBN 978-1-119-66600-4, ©).Wiley 2021 (adapted)
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5 MHz OCXO

1. White PM: by = 1.6x10716
* Useby = FkT/P,

e Guess F =1.25 (1dB)

* Find P, = 33pW

2. Flicker PM: b_; = 8x1071°

* Guess [b_s]sa = (1/4)[b-
* Find [b ]SA = 2%X10~ 15
1/f of the sustaining amplifier

]OSC

3. Flicker FM: b_5; = 6.3x1071*
e Guess Q = 2x10°, premium 5 MHz xtal

* UseS,/Sy = (fi/f)*atf K f;

 The expected Leeson effect is

[b 3]LE = 2.5X10~ o < [b ]osc
* Use Sy(f) = (f?/v§)S,(f)
« Findh_, = 2.52x10727
* Flicker floor: use oy = 21In(2) h_4

* Find oy = 3.5x107?7 AVAR
oy, = 5.9x107'* ADEV



The spectrum is © Miteq. The figure is from E. Rubiola, Phase noise and

frequency stability in oscillators, © Cambridge University Press

Miteq D210B, 10 GHz DRO

Phase noise of the 10 GHz DRO Miteq D210B

'S () dBrad/Hz -

Digitized spectrum

______________________________________________

103 10° | 105 106 107
' Fourier frequency, Hz !
f =70KkHz f, =4.3MHz
Reminder: from the table
(1) = hy/21+2In(2) h_4
4 2 FkT,
hO - b_z/Vo b _ 0
h_y =b_3/v o7 p,

kTy = 4x107%21 W/Hz (-174 dBm/Hz)

floor =146 dBrad2/Hz,
guess F=1.25 (1 dB)
=> Py = 2 pW (=27 dBm)

fL = 4.3 MHZ,
fL = Vo/ZQ => Q = 1160
fce =70kHz, b_1/f = by

=>b_; = 1.8x107 1Y (-98 dBrad2/Hz)
[sust.ampli]

hg = 7.9%10722 and
h—l - 5)(10_17
=> 0, = 2x107 /[T +8.3%x107°



Poseidon™ Scientific Instruments — Shoebox

10 GHz sapphire whispering-gallery oscillator (1)

. . . e e e e e . . . o Poseidon Shoebox .
-1004------- S e e e e e IOGstapphireWGresonator ..
: T e . * * * * noise correction :

|
[
[S=Y
(=)
1

phase noise, dBc/Hz
|
S

| | | |
p— p— p— p—
(@) W N W
[e) (e] [e) (@]

1 1 1 1

100 1000

Fourier frequency, Hz

The spectrum is © Poseidon. The figure is from E. Rubiola, Phase noise
and frequency stability in oscillators, © Cambridge University Press

100000

. = vo/ZQ = 2.6 kHz
=> Q = 1.8x10°
This incompatible with the resonator technology.
Typical Q of a sapphire whispering gallery
resonator:
2x10° @ 295K (room temp), 3x107 @ 77K (liquid
N), 4x10° @ 4K (liquid He).
In addition, d ~ 6 dB does not fit the power-law.

The interpretation shown is wrong, and the Leeson
frequency is somewhere else
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* PSI no longer exists as an independent Company. Now with Raytheon



phase noise, dBc/Hz

. 340
Poseidon™ Scientific Instruments — Shoebox

10 GHz sapphire whispering-gallery oscillator (2)

: S : -+ - Poseidon Shoebox The 1/f noise of the output buffer is higher
S . . . . ... 10GH hire WG t . e
1004 SO RS S bt IO CHE P WG resontor |t that of the sustaining amplifier
-1104----- -~ f‘ltof 3convers.1on- _._.... (a Complex ampllfler Wlth |nterfer0metr|c

Oscjpp: - [ o S AR S R noise reduction / or a Pound control)

- -ffC.z.z.;.S(.)HZ - tOtof-2convers1on o-oococeescsror| Inthis case both 1/ and 1/f% are present
N - . .. . . . '. e (b l)buffer_ 120dBrad2/Hz .: .:.
R R A white noise -169 dBrad?/Hz, guess F = 5
~150 | 205 ff'f ....... f ...E..(.b.o.);m.pil._..lég dB (interferometer) => Py = 0 dBm
~160 1 o2 ud R e SR dBradvHz buffer flicker -120 dBrad2/Hz @ 1 Hz

' .\ => good microwave amplifier

1304 - S

~140

~170 T e

~180 L SN S B B ) - i
100 1000 10000 f,=25kHz 100000 /L = Vo/2Q _bZIS kHz => Q = 2x10
Fourier frequency, Hz (quite reasonable)

PSI no longer exists as an independent Company. Now with Raytheon

The spectrum is © Poseidon. The figure is from E. Rubiola, Phase noise fc = 850 Hz _=> ﬂICk.e.r of the
and frequency stability in oscillators, © Cambridge University Press interferometric ampllfler

-139 dBrad?/Hz @ 1 Hz



Poseidon™ Scientific Instruments >4

10 GHz dielectric resonator oscillator (DRO)

 floor =165 dBrad?/Hz, guess
F =1.25(1dB)
=> Py, = 160 pW (-8 dBm)

° fL = 3.2 MHz,

|
o0
()
/) 1

-90
~100 fL=v9/2Q => Q = 625
* fo = 9.3 kHz,
b—l f= bO

=> sustaining amplifier
b_; = 2.9x10 13 (=125 dBrad?/Hz)
(too low value)

SSB phase noise, dBc/Hz

105 106
f.=9.3kHz Fourier frequency, Hz f, =3.2MHz

* PSI no longer exists as an independent Company. Now with Raytheon

The spectrum is © Poseidon. The figure is from E. Rubiola, Phase noise
and frequency stability in oscillators, © Cambridge University Press



Example — Oscilloguartz 8600 (wrong)

=97 + T T T T T 1111 | 1V T T TTTI - T T T T
&ii‘,’{é"giﬁﬁ?é‘ifsii;"%‘ié’s‘ldzﬁ'é‘fﬁ?ﬁ%i‘?’;‘é%%ﬁi‘?é&%‘?_? ’ j . j Oscilloquartz OCXO 8600
-107 - T ——— | ;-JT-‘——— 5 MHz OCXO 1
117 b—3= —12)4dBraC'1 /H | ‘ | | | ’ Courtesy of Oscilloquartz SA, comments of E. Rubiola
— <. P | ] o S f Il I N
] Il ] T ‘ |
~127 */ t i | b_y= ~131dBrad’/Hz | ‘ L1 |
7 | ' . ’ ;
~137° | L .__LZ .\ ! 111 ‘ R
l R 1| | || ||bg= —155dBrad®/Hz |
I \ 1] ) i | l l | 0 l 1]
—147 +——— \ ! . PRI I/. ! ,
" \ ' .
| 1 | ‘ ‘ 1 B
-157 — - Bay i 21k
| ! ‘
—187 [Ele? 603—0s;1j8600-moq—1slt S
1! 104
£=2.2Hz Fourier frequency, Hz

The spectrum is © Oscilloquartz. The figure is from E. Rubiola, Phase noise
and frequency stability in oscillators, © Cambridge University Press

342

low noise noisy

ANALYSIS
1 —floor So = —155 dBrad?/Hz, guess F=1dB =  Po=-18dBm
2 — ampli flicker S = —132 dBrad2/Hz @ 1 Hz 2  good RF amplifier
3 — merit factor Q = vo/2fL = 5-106/5 = 106 (seems too low)
4 — take away some flicker for the output buffer:
* flicker in the oscillator core is lower than —132 dBrad2/Hz @ 1 Hz
* fL is higher than 2.5 Hz
* the resonator Q is lower than 106
This is inconsistent with the resonator technology (expect Q > 106).
The true Leeson frequency is lower than the frequency labeled as fi_

The 1/3 noise is attributed to the fluctuation of the quartz resonant frequency
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Example — Oscilloquartz 8600 (trusted)

Se(D) dBrad?/Hz

_97 [E Rublola Phase noise and frequency stablhty in oscillators | | i T 1 T 11
|Cambr1dge IUmversllty Press 2]002|3 IISIBII\I I978—0—521 —88677-2 ‘ ‘ | OSCllloquaI'tZ OCXO 8600 | I n . n :
—107 -+~ resonator instability— -t | | 1| — 5 MHz OCXO | OW noise noisy

b_3_—124dBrad2/Hz | . .

1 17 7T ' EmE R | | Courtesy of Oscilloquartz SA, comments of E. Rubiola
Ny / Leeson effect (hldden) | ! | | ’ | |

1 | - sust. ampli + bufferi— L Ll
b_j=-131dBrad’Hz | || || |
L1/ 11 N .

| by = —155dBrad2ﬂ-in

‘A

gt ]

-4 T Tyt F=1dB & bo =>P, =-18 dBm
17 ~~\\H~...' ‘ [ T b_ose  => oy =1.5x107",Q =

L | 5.6x10° (too low)

<1 | I'T1 sustaining ampflﬁer T
LI b_;= —137dBrad2/Hz | I I
\_Q'T -1-0; | 103 »l(l)4 puess
| | Q £ 1.8x10°
f=14Hz f=45Hz ! Fourier frequency, Hz => oy = 4.6x107'* Leeson
(guessed) f,=63Hz (too low value!)

The spectrum is © Oscilloquartz. The figure is from E. Rubiola, Phase noise
and frequency stability in oscillators, © Cambridge University Press



Whispering gallery oscillator, liquid-N2 temperature™

Prototype of 9 GHz whispering gallery oscillator (liquid—N, 77 K)

=TT
—87

U
S \O
~ ~

Se(D dBrad 2/Hz
|
3

/

AN S B o 3

/

+ .
X + .
e rnrenspitcetsenntene - - Al - smn -

i b_= —lOldBradZ/Hz

E MR | :
. . ‘.'....... ...........g.-.... . : canssasassasadnse - " PR
3 5 k : E bO— 136 dBrad?/Hz|

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

Woode &ral IEEE TUFFC 43(§) 1996

. ————— -—-4-—.--.

li\lg

it |

a: free running -

b: electronics
c: system ﬂoor

- Lo AR S e S
i P I ]
N | |
— Ll v e vy 3 A b= - m— - - \-T-vv-vv-
b=-77 S]] |
-3 : N i
—“dBrad?/Hz 1"/ YT
. el | i
e o an N mh v | -;--- - ———1 s | L n-
; I “ "
- I SR N—
E |
| Fourier frequency, Hz .,,:__ JEVSREE DR MO Mot i v
Tl I 1 1 | . . i 1 LY I 1 1. 1 1.5 'l

10

102 : 103
f, = 360Hz

The spectrum is © IEEE. The figure is from E. Rubiola, Phase noise and
frequency stability in oscillators, © Cambridge University Press
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Example — Oscilloquartz 8607

S dBrad?/Hz

_67 ERbl Ph dfq ytblty llt L TTTHh T T TTTTTI T TTTIT
Cambridge Univ 1yP 5 2008 — ISBN 978-0-521-88677-2 Oscﬂloquartz OCXO 8607
5 MHz OCXO M F=1dB
_87 Courtesy of Oscilloquartz SA, comments of E. Rubiola ||
' ’ bO =>PO =—20dBm
—14
=> = 0.
107 L (03 = ~128.5 dBrad?/Hz (b—3)ose oy = 8.8x10
f; =1.6H4 Q = 7.8x10° (too low)
‘—ﬁfih 25Hz <= Q=2x1067
1T R [
—127\-_& AL 2Hz|—|> ?Iﬁl7 9x103 Guess
R | L LU )
JG (b_p) = —132.5dBrad/Hz Q = 2x106
~147 NN - i — by=—153dBrad?/Hz =0y = 3.5x107'* Leeson
N § R A A ] ATV A 1K
g B0 S s 3 & |
167 File: 605-osa-8607-mod(b—l)osc=_138’5dBrad2[}Ii (too |OW Value .)
1 10 102 103 104 10° 100

Fourier frequency, Hz

The spectrum is © Oscilloquartz. The figure is from E. Rubiola, Phase noise
and frequency stability in oscillators, © Cambridge University Press



Example — CMAC Pharao 40

S dBrad?/Hz

-90
gaxlzlbbdlg Untuorsty ity Pres Y A AL S Rakon Pharao F — 1 d B
5 MHz OCXO
19 | by => Py =-20.5 dBm
\ (b—3)t ot [T -132 dBradZ/HZ Courtesy of Rakon, comments of E. Rubiola ~ 14
110] (b_3)osc => oy = 5.9x10

Q = 8.4x10° (too low)

fi=1.5Hz

-120
a0l © _50Hz Guess
Q = 2X106

140} . = oy = 2.5%1071% Leeson
150l LT by=—152.5 dBrad?/Hz. (too low value!)

technology Pt At ,

Q=2x106? | TLL < (b_p=-135.5 dBradZ/Hz
—160 -=>f; =1.25H2 MR —1315 -

~ _(b_),=—141.5 dBrad*/Hz
-170 File: 606—candelier-bw | | | T~ | |
10-1 1 10 102 103 104 103

Fourier frequency, Hz

The spectrum is © Rakon The figure is from E. Rubiola, Phase noise and
frequency stability in oscillators, © Cambridge University Press
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Example — FEMTO-ST prototype

S dBrad?/Hz

L S

By s

=> oy = 1.7x107"
(too low)

_3)OSC

5.4%10°

1.15x106

Guess
Q =

-----------------------

2/Hz

[

8.1x1071% Leeson

(too low value!)

| dab et b lad

:>O-y

W
Il

apparent

lndo

() t
‘-5.\‘%._

I
AR

S Sl
TN

[ T O A
I L EILL

\\\\\\\\
|||||||
\\\\\\\

|||||||

resonator instability

J

116.6 dBrad?/H

eeson effect (hidden)
~123.2 dBrad/Hz

iiﬁér

sustaining amp

sust. ampli + buffer

b oAa a8 A B
L Sdlog il |

e

. Rubiola — Phase noise and frequency stability in oscillators
ambridge University Press 2008 — ISBN 978-0-521-88677-2

\\II|

m o

Lealoolodolel

I

2 8] e Y A

|

1 5 B

—130dBrad?/Hz

b

—136 dBrad?/Hz

3=

b

B ]

File: 607-femtost—mo

ST s RS S

03

-80

-140

-150

-160

10000 100000

1000

0.1

Fourier frequency, Hz

f;=4.3Hz
calculated



Example — Agilent/Keysight 10811

Se(D) dBrad?/Hz

E. Rubiola — Phase noise and frequency stability in oscillators
Cambridge University Press 2008 — ISBN 978-0-521-88677-2

\ Measurement Agilent 10811
—-107 \_-\\ SYStem Rolloff 10 MHz OCXO
Ny ba=-103 dB S
=117 N O experimental data
\ / 1/f3  sust. ampli + buf
_127 | \\ b_,=-131dB
\ sust. amplifier
—137 v b_,=-137dB
T~ :\l o
-147 1 N~ by=-162 dB
I\ ~
AN 1/f9 Noise Floo
-157 7 | o
File: 608-10811—bw| r- -\\ D ~ o=
—-167 +— — N —
1 110 ' 102, 103 10*
f =~ 7HZ | ”_ !
%gu ess!) fy=50Hz f =320Hz frequency, Hz

The spectrum is © Agilent. The figure

is from E. Rubiola, Phase noise

and frequency stability in oscillators, © Cambridge University Press

348

F=1dB

bO =>PO =—11 dBm

(b_3)osc => O'y = 8.3)(10_13
Q = 7x10° (too low)

Guess

Q £ 7X105

= oy = 1.2x10713 Leeson
(too low value!)

Caveat — this oscillator may use the
carrier extraction from the quartz.
If so, our estimation of P is wrong



Example — Agilent (Keysight) prototype

Sp(f) dBrad2/Hz
—-80 : -
PO G S Agilent prototype
b 3= —102 dBradZ/Hz 10 MHz OCXO
_10 ----------- : --------------------------- 5 B Sourtesy of tglg IEEl])E i
. .. sust. amp11+buf2 isssesseasefiesis ssentea i asaasasssass
~120 (i by=-120dBradyHz
X simple sust. amplifier :
B FTT A b_,=-132dBrad’Hz
_140 L. > it vttt Wiy
\ .
-160 =
_180 | | | Cunbiote Unieny o 2000 SN D035 1-586772
Sible
1, 0 g=<102 W0~ 100 105 108
- .’ Fourier fi ,H
£ ~4H : . £7-320Hz ourier frequency, Hz
, ~ = corrected sust. am thfler

fi~THz (guess N

__________ b_,=-152 dBrad?/H

The spectrum is © IEEE. The figure is from E. Rubiola, Phase noise and
frequency stability in oscillators, © Cambridge University Press
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Interpretation of S, (f) [1]

Only quartz-crystal oscillators

E. Rubiola — Phase noise and frequency stability in oscillators
Cambridge University Press 2008 — ISBN 978-0-521-88677-2

[start frolm] = b .f-3 flicker
b_,f o~ -3 b_ 1f—l
buffer + sust.ampli
take away the Leeson effect?
uffer 1/f nois
[estimateffj
evaluate
VO ;
QU o £ f f
‘

File: 602a—xtal—-interpretation
Figures are from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press

2-3 buffer stages => the
sustaining amplifier
contributes < 25% of the
total 1/f noise

low noise noisy

D>

Sanity check:

350

— power Py at amplifier input

— Allan deviation gy (floor)



Interpretation of S, (f) [2] 351

Only quartz-crystal oscillators

E. Rubiola — Phase noise and frequency stability in oscillators
Cambridge University Press 2008 — ISBN 978-0-521-88677-2

-3
(technology =>Q ) & b_sf Technology suggests a
£ resonator 1/ lity f
L 4 . «n freq. noise quality factor Q;
E
L™ hn f .
th J ' In all xtal oscillators we
the Leeson effect find Q¢ > (s
is hidden | J o
£  ff  f f

File: 602b—xtal-interpretation

Figures are from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press



Example — Wenzel 501-04623

Sy(f) dBrad*/Hz T i R
~100 . .
-30dB/dec ; Wenzel 501-04623 F=1dB bo => Po=0 dBm
b_3=—67dBrad”/Hz 100 MHz OCXO
_110 T 77N /1 ------------ C ommems_ofE.Rubiola o
190 “. + specifications (b—3)osc => 0y=5.3X10_12 Q=1.4X1O4
. 5 5 5 Q=8x10% => 0y=9.3x10713 (Leeson)
~130 4o TN AR
: Leeson effect (h1dden)
—140 4 NN is about here ...
N . Z
150 s Fmpy N NG SRUTUTTIS , , e
150 J31{ao,-Se(? N - ; Estimating (b-1)ampii is difficult because
\\\;)5 \ . o .
160 do el N TR there is no visible 1/f region
; SsooN ;
—170 Ao bo_—173 dBradZ/Hz®T;-~;;- T
- Qﬁ T T
File: 610-mywenzel ! O~ ~
—-180 i — ' f
10! 102 v 103 ! 104 105
I f; =3.5kHz

_8x104 = f —
guess Q=8x10" =>f; =625Hz Fourier frequency, Hz

Figures are from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press

Data are from the manufacturer web site.
Interpretation and mistakes are of the author.
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The Table is from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press

Quartz-oscillator summary

Oscillator 0 (b-3)tot  (b—1)tot (b—1)amp fL 4 Qs Q: fL (b_3)L R Note

gg&i)ﬂoq“artz 5 —124.0 —-131.0 —137.0 2.24 4.5 5.6x10° 1.8x10° 1.4 —1341 10.1 (1)

ggg;lloquartz 5 —128.5 —1325 —1385 16 3.2 7.9x10° 2x10° 125 -1365 81 (1)

Rakon 5 —132.0 —1355 —141.1 1.5 3 8.4x10° 2x10° 1.25 —139.6 7.6 (2)

Pharao

FEMTO-ST 1, _1166 —130.0 —1360 47 9.3 54x10° 1.15x10° 43 —123.2 6.6 (3)

LD prot.

fggTT“ 10 -103.0 —131.0 —137.0 25 50 1x10° 7x10° 7.1 —119.9 16.9 (4)

Agilent 10  -102.0 -126.0 -—1320 16 32 1.6x10° 7x10° 7.1 —1149 129 (5)

prototype

Wenzel _ —139?  _138°% 4 4 -

f01.04623 100 67.0 1327 1387 1800 3500 1.4x10* 8x10* 625 79.1 151 (6)
. dB dB dB dB

unit MHz o /Hz rad?/Hz rad?/Hz Hz Hz (none) (none) Hz rad? /Hz dB

Notes

(1) Data are from specifications, full options about low noise and high stability.
(2) Measured by Rakon on a sample. Rakon confirmed that 2x10% < Q < 2.2x10° in actual conditions.
(3) LD cut, built and measured in our laboratory, yet by a different team. Q; is known.

(4) Measured by Hewlett Packard (now Agilent) on a sample.
(5) Implements a bridge scheme for the degeneration of the amplifier noise. Same resonator of the Agilent 10811.

(6) Data are from specifications.

R =

(Uy ) oscill

(Uy )Leeson floor

(b—3)tot
(b-3)L

Q _ fY
Qs fL

353
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The Rohde Oscillator



355

The Rohde-Colpitts oscillator

100
AN 12V :
T _I_ * Off resonance, either X; > Rg
000! uF
‘O*é T o . or XC > RS
g 1 R * The motional resistance Rg is
. not coupled to the output
'S
_I_ .Jé 20—50pF s0omvsz ° Nothermal noise from Ry to
2.2nF -~ 7L - D) the output
s 3 | * The quartz also filters out
2 2k 22 —=22nF - : harmonics and spurs
Tl 7 I

Fig. 1 from U. L. Rohde,
Crystal oscillator provides low noise,
Electronic Design Oct 11, 1975 p.11, 14

!
resonator



The Rohde oscillator 30

The weird 100 MHz OCXOs

* Neg-R oscillator, where the How to get low floor — and the troubles that go with
resonator also filters the out
sustain. ampli , buffer

 The AC current I is
transferred from SA to OUT

* At f > vy/20, the thermal

thermal

IR resonator | :

noise of Rg is not coupled . I W | — out
 Magic bias minimizes the C R |

buffer noise U [ S - |
 Ccpand stray Ly,.e Originates . ~vgnd

feedback. Noise is more than
just thermal noise



Fig.9 (excerpt), from Y. Gruson et al, Metrologia,
27 April 2020, DOI 10.1088/1681-7575/ab8d7b

The sub-thermal oscillator

oscillator core buffer  output _ _ _ _ .
. filter * Low white noise achieved with a quartz filter

* f < f.: carrier (and red noise) coupled to out

rer:c?r']r;t. out * f > f.: the filter is open circuit
| * buffer noise and thermal noise of the motional R
are not coupled to output
4-‘ * Equivalent temperature Toq < Trpom

Zo(f) * No violation of physics principles!

1® @ Rudiola, 2019 e Reverse engineering from noise is still unclear

e Actual noise may depend on what is
connected at the output

* Odd behavior of commercial phase-noise
analyzers

pass band: stop band
© ®E.Rubiola, 2019 E C f




The Delay-Line Oscillator

tunable bandpass

-----------

[

(
!
E laser EOM Bd —D— Bf
!
|
|

delay line E mode selector @)(t) @ﬂ

PM

AM

[1+x(t)] cos[wyt+@(t)]

SAW resonator, ]

‘ > out

®

or optical fiber

358



Motivations 7

tunable bandpass

)
out
Bd —D— Bs —E—o—c
delay line E mode selector | |

[1+x(t)] cos[wt+p(t)]

Potential for very-low phase noise in the 100 Hz — 1 MHz range
Invented at JPL, X. S. Yao & L. Maleki, JOSAB 13(8) 1725-1735, Aug 1996
Early attempt of noise modeling, S. Romisch & al., IEEE T UFFC 47(5) 1159-1165, Sep 2000

PM-noise analysis, E. Rubiola, Phase noise and frequency stability in oscillators, Cambridge 2008
[Chapter 5]

Since, little progress in the analysis of noise at system level

Nobody reported on the consequences of AM noise



Low-pass representation of AM-PM noise

E. Rubiola, Phase Noise and Frequency Stability in
Oscillators, Cambridge 2008—-2012

E. Rubiola & R. Brendel, arXiv:1004.5539v1,
[physics.ins-det]

The amplifier

e “copies” the input
phase to the out

e adds phase noise

( 0 oo
""""""""""""""" . an} RF, pwaves
_______ — or optics
resonator
L B ) The amplifier
low-pass equivalent ° compresses the
amplitude
* adds amplitude noise
4 4 N
PM AM
o, () « A (s)
\
P(t) « Y(s) @p(t) & d(s) £(t)
I\ 1 u \ 0(v(t) < (AV(S)
D—O—{> O-O— i
low-pass gain fluctuat. \"--;;;Jr-a-ti-o;“
b() © B(s) n() < Ms) }\A\
low-pass ! _
— b(t) & B(s) L1 u,
L Leeson Effect  extension of the LE to AM noise )

360


http://arxiv.org/abs/1004.5539v1

Figures from E. Rubiola, Phase Noise and Frequency Stability

in Oscillators, Cambridge 2008, ISBN 978-0521-88677-2

: 361

H(s) jo
Barkhausen condition model output V(s)
for oscillation: A =1 _ SEREER SR
noise .
Vi) ‘ free V) (s) I=+3 % +6m/T,
initial conditions, [ =~ (X A T
noise, or locking | + ‘ true I=+2 % - - +4n/1:d
signal ! oscillator :
| e output l=+1 % - +2m/Ty
L elay _ f
B =e% B0 0
g o
in praciice, delay + selector\lj ==l X 2wt
[ del 1 ! ..o L
: Bd(s)e=ag‘“d seﬁi(cst)or | =2 X g
———————————————— ’ ==3 X -6/t
N BRR
General feedback theory L
v, (s) ] —In(A)
S d
H(s)= "+ = o ‘
Vi (8 ) 1 - A,B(S ) 19 +| delay-line loop, fo|selection filter

18 ] file te~calc-haty-fic =1
stc allplots—leeson

Delay-line oscillator

1
H(s) = 1 — Ae—57a

Location of the roots

1 2
s; = — In(A) —|—j—7Tl integer | € (—o0, 00)
Td Td




The Leeson effect in the delay-line oscillator **

Also describes the laser e phase-noise transfer function

- ) (s
0 o W(S)nmsy amplifier o) & B(s) H(s) = \I!Esi definition

IS
\@ \z/ |1/) 1 general feedback

T 1+ AB(s) theory

( low-pass & delay

b(t) & B(s) st s 1+ s7¢ Leeson
[B(s) J H(s)

~ 14s7p—e7 effect

| feedback ) = 1+ s7;
& transfer function |H|?
29 H, complex plane
GCJ o 2m/t,) SeiiS has i |H60|A2 %n 958.-0E0HMary
o w_ = T,)Mm : p e noise qurs: farfunc
82 m d \\X Jo 16407 +opticakfiberosailator with selector— & Ruiois e+
o = '
— 1parameters:
< @ 2 Y 16406 £ - 1E5 s 2 km)
© S A A(D=——QJL *:::::::.\x::"' (ZTE/Td)M 1e405 1 M= 1E5
X c g Ty m R num=10GHz
 z% ) 2 10000 +-Q = 5000
i 3 b :
€% 5 1000 +
o un >
= > c 100 +
w 3 —
¢ S B 101
S5 O O
225 i
© 5 € 014+
&0 . frequency, Hz
0.01 } '

1000 10000 12405 10406




Gain fluctuations — Output is u(t)

non-linear
u=1+ay U = A(t . 7_) u(t . 7_) equation
() & £(s) ) = Al A=1-y=1)+n
@ fz\ v=1 + Oy use u=a+1, expand and linearize for low noise O
\[/ ay(t) = Au(s)  alt) = (1 —7)alt —7) — 2=
Ciowpass | ] +n(t —7) +n(t — Doag—r— 0
---- | T o linearized equation

a(t) = (1 —y)alt — 1) +n(t — 1)

The low-pass has only 2nd order effect on AM
Laplace transform

Linearize for low noise and Ay(s) =[1—(1—7)e*"] =N(s)

use the Laplace transform -

ampitude nolse TH(NIAZ | parmeters:

ay(t) < Au(s) and n(t) < N(s) opticaHfiber gsailator Tl 100 Us
Au(s)

H(s) = definition
(s) N(s)
1 result E
H(s) = —
( ) 1 _ (]_ _ ’Y)G_ST 0.4 JE Rupioa, may 2010 |frequency, Hz|

100 1000 10000 10405 10406
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Gain fluctuations — Output is v(t)
Au(s) [1 = (1= y)e™™] = N (s)

u=1+ ay
starting
e(t) « &(s) @ult) < Auls) 1 Ay(s) = N(s) equation
Ay(s) =
@ /Z\ = 1=y 1—~
\( 77 v 1+ @ =71 -e)] Au(s) = [1 = (1 =7)e "] N(s)
:Iow-passi A,
"" | -t H(s) = N(S) definition
file: ele-OEO-AM-scheme delay T (8)
The low-pass has only 2nd order effect on AM H(S) _ 14 (1 — ’Y) (1 — 6_3'7') -
1—(1—y)eer
boring algebra relates av to aw
v=Au 1000 tempude nolse THQN2 | pameters:
optical-fib ergscillator ?aaum:m‘aoz%s‘

A=—yu-1)+1+4n9
v=[-v(u—1)4+14+nu useu=a+l

1w~—_

v = [—yau +1+7] [1+ ] 104
J+ oy =/1/—|—77—7au+au—a/m’7—Wi
Oy = (1 — '7)04u +n linearization 11
Gy — 7] for low noise
au — NQum: HMHMK
1—7 oy [P frequency, Hz,

100 1000 10000 10405 10406
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Theoretical prediction of AM & PM spectra

Y.K. Chembo, K. Volyanskiy, L. Larger, E. Rubiola, P. Colet, & al., IEEE J. Quant. Electron. 45(2) p.178-186, Feb 2009

~120 [

' AM noise PSD, dB/Hz
130} ] m

©

140 | : g
150 | :
_160 — ol e vl L [ i

1 2 3 4 9 1 2 3 4 5 6 7 8 9

Offset frequency [log(Hz)] Offset Frequency [log(Hz)]

* Prediction is based on the stochastic diffusion (Langevin) theory

 However complex, the Langevin theory provides an independent check



Delay-line oscillator

EOM

Polarization _
Pump laser  controller Delay line
—e0o L

/

N
<5 ¥
“ /
X ~ Bias
s <& < o detector
XSS V. driving port
s %o e
< S
O & 5 RF
NI RF  amplifier
53¢ i RF Filt
5 ~ = & splitter ilter
QO . Q ~
SEES “— =
Q O L
S5 £ 0 g
QL F
ERE SR
o L88
258

E. Rubiola, Phase Noise and Frequency Stability in Oscillators,
Cambridge 2008, ISBN13 9780521886772

366

L =4km
Qoq = TUYT
@ Qcq = 6.3%105
_
fr= 20
1
fL:47T27'2 fL:8kHZ
10—11
i Leeson
Scp(f) = F Sw(f) for f < fL formula
b_; = 6.3x107* (-32 dB)
—24
h_]_ — b_3/l/g 63)(10
0'2 = 21Il(2) h_l 808)(10_24

Yy

Ty = 2.9%107 %  Allan deviation



So(f), dBradZ/Hz

-100

-120

~140

-160

Delay-line oscillator — Measured noise

Phase noise of the opto-electronic oscillator (4 km)

our OEO
b_s=1 03 (-30dB)
7
Wenzel 501-04623
_ OCXO 100 MHz
Agilent E8257c, 10
~ GHz, low-noise opt. mult. to 10 GHz
i ' ARy /
=
i RetA $ ]
T
AL ]
T
A
/1)
E'E%“:”.i?i'ﬁ’.’ 32.’Iy§?,‘lliiyi ey 2007 _ | 4 :
10’ 102 10° 10* 10°

frequency, Hz

367

1.310 nm DFB CATV laser

Photodetector DSC 402
responsivity R = 371 V/W

RF filter v = 10 GHz, Q = 125

RF amplifier AML812PNB1901
(gain +22dB)

expected phase noise
b_s; ~ 6.3x10™% (-32 dB)



The spectrum is © IEEE. The figure is from E. Rubiola, Phase noise

and frequency stability in oscillators, © Cambridge University Press

NIST Opto-Electronic Oscillator — Simulation

| 1 Il 1 1 |
T L) L) T

1e—05 —
phase noise

1e-067§ Romisch delay—line oscillator

. q | \ . .
. , , '
SPhl(f) file le—calc—romisch

src allplots—leeson

le-07
parameters:
1e=08 tau = 59E-6 s
m = 62300
1e—=09 nu_m = 10.6 GHz
Q =8300
le—=10 b_0=-131dB
Osp;,, bD_—1=-98dB
le-11 Loy

Or
le—-12 l ‘
le—13% |\ i)
;- ~—_ 7 U UV
le—14+ E3
i frequency, Hz
le—15 i ; q= Y —l

1000

10000 le+05 1e+06
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The spectrum is © IEEE. The figure is from E. Rubiola, Phase noise

and frequency stability in oscillators, © Cambridge University Press

NIST opto-electronic oscillator

NIST 10.6 GHz OEO, Romisch & al, IEEE UFFC 27(5) p.1159 (2000)

:

H 2
-y o
i i

|
| i
' 1
30 3Ny
&
*

Phase noise, dBrad?/Hz
o

o/3) _
Ty Q2
S, I H>

+ 5’;1’

-110 i r S

-137 dBradlez
, <

. | é
-150 + 13} i ‘

1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
Fourier frequency, Hz

Py
i

i
(%)
S
5
3
-
I

N
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The spectrum is © OEwaves. The figure is from E. Rubiola, Phase noise

and frequency stability in oscillators, © Cambridge University Press

Phase Noise (dBc/Hz)

Opto-electronic oscillator

OEwaves Tidalwave photonic oscillator (10 GHz)

60 +—b_4=+11 dBrad?/Hz

sz TkHz ?

w (+8 dBc/Hz) (wild guess)

120 4b_5= —21dBrad?/Hz

b, =—138 dBrad?/Hz (-141 dBc/Hz)

-130 7— (-24 dBc/Hz) —~~A

100000
Offset Frequency (Hz)

Courtesy of OEwaves (handwritten notes are mine).
Obsolete product? The specifications are no longer available from the OEwaevs web site

1000000
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Opto-electronic oscillator

b—8

= +21 dBrad®/Hz (2?)

\
J

*

OEwaves OEO, the lowest phase noise (2007)

1 i1 1 I 1

b_, =50 dBrad?/Hz

/

}

b_, = —81 dBrad*/Hz

Courtesy of OEwaves, notes are mine

100

Frequency (Ha)

1000

10001
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OEwaves, lowest phase noise (2) 3

40
a OEwaves OEOQO, the lowest phase noise (2009)
. b-3 ~-53 dBrad?/Hz @ 10 GHz =>
ol I : oy = 2.6x10713
80 A | __ 2
[b_g = =53 dBrad’/Hz The peak at 5.7 kHz is disappeared. Did

they use a shorter fiber?

The high slope is now disappeared,
probably filtered by the system

Courtesy of OEwaves, notes are mine

10 100 1.000 10,000



Phase Moise (dBc/Hz)

OEwaves compact OEO >

OEwaves Compact OEQO, (2007)

2T l B b-s = —25 dBrad?/Hz @ 10 GHz =>
: Oy = 6.6x10712

.2 i
:‘E,:,' b_g = -25 dBrad?/Hz _T_ il ' } ]] the bump at 580 kHz makes me

40
7o ﬂ : | think about a 340 m fiber
-H 1

How did they remove the spurious?

S0

~ N
-1CO
A=
A20 13 -L
-130 =
140 /

JIED b_, = -59 dBrad”/Hz |

170 ] |
_1a0t—tmin =153 dBrad®Hz (77) F=] l

J N n!
gorm i sl
10 100 1.000 10,000 100,000 1,000 000 10,000,000

Qffzet Frequency (Hz)

1B 4 | N = JP I

Courtesy of OEwaves, notes are mine



Optical-Fiber 10 GHz oscillator 75

* use positive feedback with a short cable

Polarization EOM . (3-5 ns) in the feedback path to
Pump laser é{é% ng'ss'ecoupler implement the mode selector filter
X * the positive feedback also increase the
Sl ’ ool amplifier gain
Bias | RFdriving e @ @ i (AML SiGe parallel amplifiers exhibits
Voas ® port 2 km 4 km lowest flicker, but low have gain 22 dB)
A . ;‘l I * use the 2-km (10 ps) path to eliminate the
RF amplifier RF Filter - 50-kHz noise peak due to the 4-km (20 ps)
N Photodetector | g} |  the microwave power is changed by
% . 0
orotodetot adjusting the laser power
Att otoaetector . . .
€ A * high noise figure, due to the two power

splitters/combiners
Kiryll Volyanskiy, jan 2008



Regenerative optical-fiber 10 GHz oscillator *”

0 : Y o5 & o§ &%) . e 5 5 of 834 : 5 & o@m it y ;
freq. random walk SRS SRR o lfile 923-kirill-oeo
b-a = 0.2 rad?/Hz 20 | [ b_y=—7 dBrad’/Hz | 8 £ ian; R

h-2 = 2x10721 = : .
oy(t) =1.15x10-10 vt

frequency flicker

b-3 =2.5x1073 rad?/Hz
h-1=2.5x10"%3

oy(t) = 5.9x1011

[T

A
Hlllll‘[ vi IIH@

|
(0))
é I'.“ :%"‘ .

A M

11 dBm white freq.
b-2 = 2x107° rad?/Hz
ho = 2x10-21

oy(t) = 1x10 13 /vt

WIS

...... . thepower|smeasured _l
NS §F A : ' at the amplifier output .
S ' N e :11:dBm:::::9dB.m: R
9 dBm white freg -100 [ . o s e anen e AN A N A o]
b-2 = 5x10°6 rad2/Hz RS 3“ ) o/ 8dBm
ho = 5x10726 _1 20
oy(t) = 1.6x10713 /vt

S¢ (dB rad®/Hz)
|
(0]

by =505 dBrad?Hz (8 dBm) ] o/ - - N AR L S f

—~ o |

) . . . .. . - . "k”"-', y . - . 2 }

8 dBm white freq. ~* {b_,=-53dBrad’/Hz (9.dBm) | NG \‘&,M A et
b-2 = 8.9x107° rad?/Hz -1 4(% 'M’. :

ho = 8.9x10726 E N~

oy(t) = 2.1x10713 /vt

- A / AN
[(SQD)min =-142 dBrad®Hz (11 dBm)]'_jﬁ [b_z = 57 dBrad®/Hz (11 dBm)]

LN
o
R

The white f noise follows exactly 102 103 \04\ 105

the quadratic law of the detector Frequency (Hz)

—
O_L



Regenerative optical-fiber 10 GHz oscillator

P ¢ is given, thus Vy = V2RP
I is estimated (4.5 V at 10 GHz)

Use o (”_VO)
Vi
Get
P,dBm | W,V Vo/Vn m
11 1.122 0.86 0.783

9 0.891 0.683 0.644
8 0.794 0.6.09 0.581

The oscillator phase noise minima are 6 dB
lower than bo=N/Po (white noise)
m = 0.725 (P+=11 dBm)

(Sp)_. = —142dB

F = 10 dB (incl. couplers)
n=0.6

v; = 194 THz

T T T T A R
[ . lfile 923-kirill-oeo

b_, = —7 dBrad®/Hz {ER G K Voliansiy. jan 2008,

_20 L. - el s e e e s e e e G e w o mi e <o een]

-40 - g

E o

g 60" ]

I £ .

© E oL .

© 8@ . PR

o - - :|the poweris measured | - :

) © |at the amplifier output S

h-g ::gdB.mi::::::

? -100 | (fbm 3% mads dad sl

[/ s

120 b=

_tagk {b_, =53 dBrad®Hz (9. dBm) | ° , N SN \"b, M‘ﬂv.r\.-ytf‘w'-
- (Sg)min =142 dBrad®Hz (11 dBm)LfJf‘é (bp=-57 dBrad®Hz (11 aBm) }.. ©
10 10 10 10““‘ 10

Frequency (Hz)

8 [ FkpTy [hy]? 1 hy, 1
(Scp)min - m2 R ! ] > + 22— —
0 an ] P, n P

Feeding the available data in the model we get
Po = 6.4 uW (RF,—22 dBm)
P; = 0.71 mW (optical)

There is room for engineering

377



Noise transfer function — Simulation

1e405 4 + ——— . - } + ——t
“**> Tampltude nolse TH(JNHI*2 parmeters:
ical-fi i tau=10.0 us
Loptical-fiber oscillator ol
10000 + gamma=10.1 T
' w_gamma=0.5 ‘
1000 +
\00 ’AM only
10+

L

figum: sla-OEO-H4ull
tapurce: oaclii-amnolan

E, Rublglq ma,:gmu |

., frequency, Hz

—r

s

0.1

Not

100 1000 10000 16405 10406

ice that the AM-PM coupling can increase or decrease the PM noise

In a real oscillator, flicker noise shows up below some 10 kHz
In the flicker region, all plots are multiplied by 1/f
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A. Savchenkov & al, Opt. Lett 35(10) 1572-74, 15 may 2010, Fig.2

Phase noise, dBc/Hz

OEwaves OEO phase noise

_40 | Savchenkov &al, Opt. Lett 35(1%) 1572-74, 15 ley 2010, Fig.2
-60 -
& T
80 U@% »
-100 \ /}5@ 7% 440
O/J’ OCIO/
- [\ //7&'3
120 3) /(1)
-140 | AN ")
-160 backgrng | ()
- T L T L w1 1111 L T 1 T
10° 10° 10* 10° 10° 10" 10°

Likely, suppressed

data at the noise
resonances
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Phase noise (dBc/Hz)

I
o

1 1 1
o & AN
& & ©o o

-100
-120
-140

o8

Things May Not Be That Simple

0

Merrer & al - (OEO) - Proc IFCS 2002%) Fig.8

o
T _-401

|

e to AM/PM c

ling

This could bé du
o
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File: 959-rin-emé4rin
Source: oeo-spectra
Original: EM4RIN.pdf

K. Volyanskiy, 2008
E.Rubiola, April 2010 |
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Savchenkov & al, Opt. Lett 35(10) 1572-74, 15 may 2010, Fig.2
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K. Volyanskiy et al, arXiv:0809.4132
[physics.optics], 2008, Fig.3
Also K. Volyanskiy PhD thesis p.51,
Fig.3.12(a), 2009

Y

Maleki & al, Recent advd
|IEEE conf Phased Array 2000 p361 Fig.1

. e

™
nces in OE signal generation,

T

—— 2Km fiber
—— 4Km fiber
6Km fiber

.........

stionary slopes]i

-25d

B/dec 1

[ 30 dBldec e

: a |

- 120 dB/dec ! - | i

10 100 " 1000 104

Frequency from carrier (Hz)



Noise spectra

Spectrum from K. Volyanskiy & al., IEEE JLT, 2010 (double check)
T 1 T L S ; : - T T
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~ OEO phase noise

~ File: 949-SMF-ZD1 :
 Source: 949-OEO-spectra
- Plot: SMF_ZD1_bis =

, 95dBidec

- E.Rubiola (K.V.) Sep 2009 3
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Unfortunately, the awareness of this model come after the end of the experiments



Noise spectra

SSB PHASE NOISE, dBc/Hz
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X.SYao & al., NASA TMO Report 42-135 (1998), Fig. 6
The figure is © NASA, comments are mine

_40\ T T T TTT1 Yaol&al|-I(DlulaI|.l|loopOEIC))I T TTTT

Nasa TMO Report 42-135 1998, Fig.6
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Summary of relevant points 0

The Leeson effect consists in a phase-to-frequency conversion
fully explained as a phase (noise) integration
takes place below f, = v,/2Q

The step response provides analytical solutions and physical inside.
(Same formalism introduced by Oliver. Heaviside in network theory)

Buffer noise and resonator instability add to the Leeson effect
Amplifier phase noise

white noise: Sy, scales down as the carrier power P,

flicker noise: Sy is independent of PO

Numerous oscillator spectra can be interpreted successfully

The amplitude-noise response is similar to phase noise, but gain compression provides stabilization at
low frequencies

The theory indicates that amplitude-phase coupling results in a deviation from the polynomial law

Unified AM/PM noise that applies to resonator-oscillators and to delay-line oscillators, including
optical oscillators

home page http://rubiola.org
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oscillator / laser

In a nutshell

Frequency stabilization to a passive
circulator frequency resonator

reference

—_ resonator
critical o
vco path
S < ’
= ©
- a
(&)
control |V ~Av error
X . E————
unit detector .

* The resonator is not suitable to build an

oscillator
Cryogenics, vacuum,

Etc.

Points of interest

Power (intensity) detector — available from
RF to optics

Compensation of the critical path
Null measurement of the frequency error

Use frequency modulation to get out of
the flicker region

One-port resonator: lowest dissipation and
narrowest linewidth
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Basic Mechanism

Featured article

Eric D. Black, An introduction to Pound—Drever—Hall laser frequency
stabilization, Am J Phys 69(1) January 2001, DOI 10.1119/1.1286663 (paywall)

Also available as Technical Note LIGO-T980045-00-D 4/16/98 (free access)



https://doi.org/10.1119/1.1286663
https://dcc.ligo.org/public/0028/T980045/000/T980045-00.pdf

wg = oscillation
frequenc
Anensy Error detector Reference
r ________________ N\ r ______
I
wo | ﬂ critical § |
@ _:WII \/ path I ] resonator
I
VCO | I Wy, natural
i I -DI-I power : e frequency
detector ' | ]

I I I Q quality
phase | < 7 Iy factor
modulated I | g coupling
oscillator | | @ - - - = —

| I

| lock-in |

I amplifierl

| |

| e |

l ) 2] l
servo \ _ o e o /

Wy = Wy Ve
error signal
control 9

[Error signal proportional to frequency error

Ve = D((UO - wn)

}

392

Points of interest

* Power (intensity) detector is
available from RF to optics

* Compensation of the critical path
* Resonator is large / complex /
difficult to access

 Null measurement of the
frequency error

* Frequency modulation —> get out
of the flicker region

* One-port resonator —> lowest
dissipation —> narrowest linewidth

* Multimode resonators —> simple
mode selection



Phase modulation, physics

v(t) =V, cos|wt — msin(Qt)]

Phasor diagram

Frequency domain
(small m) Ik
Re le w
. . >
—J; | '
Im w
>

W2 Wy Wyt

Bessel functions J,,(m)
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Phase modulation, math

V = Voelwtelm sin Qt

:Voeiwt Z ]n(m)einﬂt

n=—oo

small m

=V [fo(m)eiwt —]1(m)ei(“"9)t

small m

e
Il
~—
oN
~
S
—
s
2
s

~ V, ll + % (_e—iﬂt + eiﬂt)]

Symmetry, z € R

]n(Z) = {

_]n(Z)
Jn(2)

~ Voeiwt[jo(m) _|_]_1(m)e—iﬂt _jl(m)e—iﬂt]

odd n
evenn
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—0 0
Jo
Re 1.]1 W
' 1
_Jl ! E
Im W
| wO_Q Wq (.00+Q
:
1
I 1.0 10
' os 40 prv—
ik
0.4 ’/\ :I L'
/ /'\Y.,\\L" oA _
Sma” m :Z /"// \ \\\\ / //\/.r\\ .\-“/ K /.\/\\ '\'\/j
Jo(m) =1 = mz/ 2 —0:2 \ \\ L // /‘i\ \\/ "7("/’.,". \\‘)\/_\){.
Ji(m) =m/2 » \J 7 Y




. 395
The reflection-mode resonator

wg = oscillation
frequency

W
@ 0 PM @ resonator
Wy, natural

VCO
in ‘D" power frequency
detector ,
() quality

< 7 factor
g coupling

O+

L
N

Ve
I error signal D. M. Pozar, Microwave Engineering 4th ed,
control I Wiley 2012, ISBN 978-0-470-63155-3
Chapter 6 — Microwave Resonators

Notice that the formalism is suitable to optics


https://www.wiley.com/en-mx/Microwave+Engineering%2C+4th+Edition-p-9780470631553

Reflection coefficient I'

Flie = Resonato[-S1i-polar
-1.0 T Source = Pound

1[2) Reflection coefficient| 1 1S11]A2
08+

06+

04}

o2 T
0071 g=1
024

041

064

o8l arg(S11)/Pi

42 l;nnooi;mbvola./;lpnlzr.‘.m= | | : | XTZ(f-f?)/fO
05 -04 -03 02 01 00 01 02 03 04 05
1.2 t t t t

1 o | Reflection coefficient

08+

06+

04+

o2l Im(S11) Parameters

00+

02t

04t

06T

081 Re(S11)

1.0 _%ﬁfﬁﬁgr-swrca

42 i;nnooi;iubnola./;lpnlzmzi= | | : ' X==2(f-fc?)/fo
05 04 -03 02 -01 00 01 02 03 04 05

=

Resonator’s reflection coefficient

g—1—-1Qox

Qo = unloaded “Q”
g = Ry /Ry coupling

v, natural frequency
W Wn .
X=_-—"" detuning

Wn

Proof
omitted

Approximation for small QAv /v,

r g—1  4Qog Av
Tg+1 (g+ D2,

frequency error
(odd function)

resistance
mismatch

Off-resonance
[~ —1
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Electrical model

1 R,

C L

Definition
r=v-/vt

incident V'*

=
resonator

-

reflected V'™

Featured reading: D. M. Pozar,
Microwave Engineering, 4™ ed, Wiley
2012 (Ch.6: Microwave resonators)



Start from ' =

2Av

g—1-1Qox
g+1+iQox

e = [ 9~ 1200 Av/v,
g+ 1+i20Q0,Av/v,
collectg +1
g—l—iZQO&
I =
2Q0 Av
) (g+1)(1+lg+1vn)
use —=~1—¢€
1+€
i2Q0 Av
F_lg_l_leovn [1_g+1vn]
g+1
split Rand 3
4Q% (AN . g—1Av
{g_l_g+1(vn) _l2Q0{1+g+1}vn
I =
g+1
remove the main fraction
" g—1+ 4Q3 (AV)Z _ 2009 Av
g+1 (g+1D*\v, (g+1D2v,
drop (Av/v,)?
Fzg_l—i 4Q09 Av
gtl (g+1D?v,

Approximation of I

for small QAv /v,

. g—1 4Q09 Av
>~ — — ]
g+1 (g+1)?%v,
resistance  frequency error
mismatch  odd function

397



Off-resonance
[~ —1

Approximations for I

total absorption total
reflection reflection
1.2 f f t t
1 o1 Reflection coefficient |
08rtotal mE
06 rreflection NE
04+ o
o2l Im(S11) || gme&ers
00F g=1
021
04t
_» _
101 Flie :ficsonalor-sn-rca
42 Evafwoareizg | ||| || X=2(Ho)fo
05 04 03 02 -01 00 01 02 03 04 05

I

I

Rl

Resonance, close to w,
4Q09 Av

“g+1 ‘(g+ 12w,

Off-resonance
[~ —1
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The reflected signal — Physics

the input signal is phase-modulated

ate —™
Jo J raseTOE
Re (V + ) . 1 > LSB\MJSB

incident —-J; carier () 0
Im(Vv*) ; .
-2
R § 4 : =

e() Qn i g+1 (g+1)?v,
Re(V 7) TJ1 =0 , .
reflected l -J4

r——tF==

Im(V _) :LO [ N ~i0 >
1 ]
we—=2 /z(go' ~ wWo+Q2
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The reflected signal — Math

the input signal is phase-modulated

V=V, q—h(m)e“‘”‘mt +]o(m)e"‘”T +J1(m)et @+t
LSB carrier USB
_ - 9-1 . 4Qog Av
Use T(w+Q)=-1 and I'= el oreyriv
_ o g—1  4Q09 Avy] . | :
V= = Vo [Jamyei @t 4 Jo(my [ S — i 2 | et - pimyetr ]
LSB A carrier A USB

I

impedance mismatch

I

frequency error, X (w — w;,)
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401
Power detector

wo o 1 (M)
@ PM I \ / resonator

VCO Wy natural
in power frequency
detector _
() quality
‘7 factor
IV = kdp g coupling
;\'J
Ve

control

——————————————————————————————————

i 1 . x) ! Vand |/ are
| Power P §R{‘/I } P2R %{VV } : peak values

__________________________________



Power detector

‘beat —> 20 |
------ M
Re(V ) TJ1 ., > P = —1 R{VV™}
reflected . l -J, 2R
Im(V ) 4 = >
w-Q w w+Q (a+b+ C)Z —
___v____t'f_, b a’ + b? + ¢? + 2ab + 2ac + 2bc
| beat—>Q i  {beat—>Q; DC 20 Q
— |V |2 dc termS 4Q A 2
_ g 0 2¥
Pl Gh {]1( )+ 5 s[4 T m | }+
L costaneye Do gy omy my 2922 inca
: 2R 1 ZRO 0 1 + 1 Wn
: diagnostic ! error signal

———————————————
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The lock-in amplitier 0

| o/

Wo [ ana |
@ 0 PM ﬂ resonator

VCO Wy, natural
in power frequency
detector )
Q quality
. factor
lock-in .
o g coupling
amplifier
;\'J
Ve
error signal
control g




The lock-in amplifier

x(t) cos(wt) — y(t) sin(wt)
: (X

®
input

output

at the output, x(t) and y(t)
are low-pass filtered

2 cos(wt)

phase reference

|Vo|2 4Qp Aw

2R, 2Jo(m)J1(m) J+lo,

error =——» Uy =

Vol? ,

diagnostic — v; = — R
0

Ji(m)
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Summary o

The frequency discriminant D is

proportional to o resonator
@ 0 PM :phajel = r\' | resonator
* Oscillator power P e
P 0 oscillator 5 o
VCO : n  hatural freq.
* Modulation index m in N zzxiior ()  quality factor
g coupling
* Resonator’s Qy/ wy,
lock-in
* Power-detector gain kg [V/W] amplifier ]
. Q |
* RF gain at the detector output o E
|
not shown | re== ¥,
‘ ’ O i
. . . o servo r
* Gain of the lock-in amplifier (not o= W -
. . o A
accounted for in equations) error signal ve 152 '.:\._r_u
: : : PN
...And affected by the coupling control | diagnostic  ____________ dl

coefficient g
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Key Ideas
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Use a power detector

* Power detectors are available in the widest frequency range
e Sub-audio to UV, and more
* Including the THz band

* The power detector has quadratic response to voltage — or to
electric field



Even vs Odd Function

* The detector provides a signal
proportional to the power
(intensity)

* Even function at w,

 Unmodulated signal not suitable to
feedback control

* The modulation mechanism
provides a signal proportional to
the imaginary part

* Odd function at w,
* Great for feedback control

1.2
1.0

08+
06+
04+
02+
00+
02+
04+
06+
08+
10+
-1.2

1.2

10+
08+
06+
04+
02+
00+
02+
04+
06+
08+
-1.01

Reflé ctio n' co efficie nt

1S11182 |

Parameters

Q=100

g=1

arg(S11)/Pi
Flle = Resonatol-S1i-pelar
S =Pound
Enco Rubiola Apri 2013 X =2(Ho)fo
Reflection coefficient
Im(S11) Parameters

Flle = Resonatol-S1i-rect

Enrico Kubiola, April 2013

Q=100
g=1

Re(S11)

X =2(to)/fo

'1.2 T T T t t t T T
05 04 03 02 01 00 01 02 03 04

05
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The 107 golden rule o

The oscillator tracks the resonator, and follows its fluctuations
The oscillator contributes too

* It is generally agreed that a microwave frequency control loop can
lock within 107° of the bandwidth

e Csstandard: 107°x (100 Hz /9.2 GHz) = 10714 stability
* Cryogenic sapphire: 107 x (10 Hz / 10 GHz) = 107 stability

* |[n optics, the 107 rule yields still unachieved stability
« Optical FP: 1076 x (10kHz/200THz) = 5x107° stability

10°B
|

* The resonator fluctuation
is not a part of the control,
and accounted for separately




Noise PSD

dc circuits
work here

Modulation and flicker

white f

Noise PSD

Get out of the flicker
and drift region !!!
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The virtues of the AC null measurement *"

@ Absolute measurements rely on the IJO ;
“brute force” of instrument accuracy Re(V ™) t - .
00 incident 1_J1
— rely on Im(V*)
>

the difference of two nearly equal w0 Wo W0
guantities, something like g2—qa. ’ ‘ ‘
However similar, this is not our case!

s Null measurements rely on the ,
measurement of a quantity as close 7,

as possible to zero — ideally zero. Re ) le & »
The Pound scheme detects reflected ‘—Jl
* Null of J(T'(w)) mv ) 0 / o,
* AC regime, after R W2 Wo_ W+

down-converting to () L Jo IM(T(w)) « W0,



Insensitive to the critical path

oscillator / laser circulator frequency
reference
N - >| resonator ‘
critical
VCO B path Wy, natural
T frequency
O = .
= 8 () quality
o factor
Ve X AV y

i
control error g coupling
unit detector

A length fluctuation does not affect
* The phase and amplitude relations between carrier and sidebands

*In turn, the measurement of Aw

(No longer true in the presence of dispersion)

The mechanism is the same of radio emission
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The virtues of the one-port resonator

e Electrical

two-port resonator

Ry % * Smaller dissipation than the
L * Hence higher Q

e Simpler, related to
* Vacuum

* Cryogenic environment

Ry
J_ iy g e Resonator far from the

3 oscillator
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The Control Loop

Featured book
K.J. Astrdm, R.M. Murray, Feedback Systems, Princeton 2008
Caveat: however outstanding, this book does not focus on TF applications
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— High modulation frequency —

Sweep the oscillator frequency




Courtesy of Alexandre Didier, FEMTO-ST Institute

Sweep the oscillator frequency e

M Pos: =100.0 us ACOUIRE

Peak Oetect
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Stability of the control loop

POUND S%81eh
Wo

Aw
VCo ““-j;' Fidter
1 T eom

SQX' pow
INPUT QuUTPUT

o Awy = Ve | o

e ()
SERVo $43TEM l
ouT N

Blw)

Franco S, Design with operational amplifier and analog
integrated circuits 2ed, McGraw Hill 1998 — Fig.8.1.

* The control loop must be stable
* |AB| < 1 at the critical frequency where arg(AB) =«
* In practice, = /4 phase margin is needed

* Higher dc gain provides higher accuracy



Transfer function 2

resonator

POUND SYSTeh A|A| halfwidth
] \20 ¥
CU g, lock-in
VCQ *"'O o F‘#M E = CUEOﬁ modu
kS ' ! Ia:cion
]
! ~Jeom s N -
S
sek poiuk — =0 wei R0 -
P2 y i '
(W PUT | ouTpyT A PorW
| | TR
Ve Alw) = Ve (o) Ue. i | arbitri,a o
l Ve/(w) frequency : phase i o
detection detection >:ﬁetection

* Quasi-static operation at w < wL (resonator half-width)
e Oscillator frequency-noise detection (as discussed)

e At w > wi, the resonator reflects the noise sidebands
* Oscillator phase-noise detection at wL < w < Q (integrator)
* The internal lock-in filter rolls off at w > wc
* The lock-in amplifier stops working at w = Q and beyond



Design of the servo loop

(S\OQQ’
\ \\‘\%“Z
\\ b Jolbﬂ ooy Proceed from right to left
oun €A
\ 1: Sfant Lo hor-.
\ ThaoS0° plase malfrit
N, L8 anf(aﬁ.% ‘:’J‘M”éj
% / the RSb -1
F?/opo’zﬁouoﬂ r— O dR
S 2-Sof the Loo
[ % 4 w> %054‘_4,\,"(5 @d“{
ol

! K )
A - lseam Ik w!"—m T-Use a Fw‘rprz,fco/wa,o.
heres Y2 ?L,l’ hA& Ac cortzol harze 700‘- allu,adﬂ
aK;MM oo gt (A oz~
* Start from Q (or w.) and go leftwards
* Set phase margin =~ /4 (45°)

* Design the transfer function
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Fractional-order servo loop

Proceed from right to left

19%7”.32/3%&\0/% -
WVBD;E:)W AM%M
s

L8 anf; lah e béj

/ the Yb - inn

~— O dR
Gk T ﬁ\ M 0-Sof b Loop
: - w’_g‘o&wﬁb O JdR
5. Mde{y&, D [ \3'(188@ m‘f‘kr)’h—al/
&M*D«&I‘Laf'o’é 4 Haﬁ,"/ -imde “‘{’71 Cout200 [/E./u:z Get oa,f‘O/4
ez hg/l«tbc%n‘w hense ReoNes 1L25°  the Lock -imn Qa() Refiom

‘o e e AMA/L(;&M
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e Resonator —20 dB/decade
—> 902 phase lag

e Half integrator 10
dB/decade —> 4592 phase
lag

e 452 phase margin (to
1809), independent of gain



Delay of the Acousto-Optic Modulator

424

@wo PM

7
@ resonator (\%
Wy natural (0\
|.D|. go;/ve: frequency $®
etector Q quality
factor J/

error signal
control I g

g coupling

* Acousto-optic modulators are often
used to control the laser frequency
(together with piezo modulators

* The AOM introduces a —a few
us typical

* The delay limits the maximum speed
of the control
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Resonator Stability

The oscillator stability cannot be better than that of the resonator

Beware of temperature, flicker and drift



Temperature compensation

uncompensated
Wy
To
compensated
Wy

426

* Most solids (room temperature)

e dielectric permittivity € has
coefficient of 5—100 ppm/K

* length has coefficient of 5-25
ppm/K

* Temperature stability < 10-100
uK challenging / impossible

* A turning point is mandatory for
high stability



Dick & al, Proc IFCS 2005

apphire
lements

A. Savchenkov et al, JOSAB
24(12), December 2007

32 GHz VCSO Resonator

<

Derived from the old Lampkin oscillator

Thermal compensation — Examples

Thermo-mechanical

Previous “40K CSO”
16 GHz Resonator

Silver
Spacer

1.72cm >
(0.677)
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Paramagnetic
A\ Pure Crystay

doped \

turning
point

Courtesy of V. Giordano, FEMTO-ST

Sapphire

Support rod Sapphire Cr3+ impurities @ 6K (V.Giordano / M.Tobar)
Also, rutile/sapphire compound @ 80 K (V.Giordano)

Natural — Refraction index Natural — Thermal expansion Also
o[ A % [ d o P 03977 | e Piezoelectric quartz
e 2 _ e Zerodur and ULE
'ne °F n,-1.38341 % ~ -4,,{’/”\:53 |
0 40 80 120 160 200 S0z J

Temperature (C)

L L " . L L L L
O 50 100 150 200 250 300 350 400
T, (K)

MgF2 whispering gallery (A. Savchenkov) Semiconductor-grade Si @ 124 K (PTB) & @ 17 K



the origin of 1/f frequency noise is known

Frequency Noise [Hz/rtHZz]

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

1000

100

10

1

0.1

0.01

0.001

0.0001 H

In some fortunate cases,

.I_m,lml,l,ll,llII”,WL,,LIJI,IIII,,”,,I,NLI,l,ll,lll,,,WL,LI,I,IIlll,,mlml,,l,I,ll,ll.l,m,l,,,l,,l,llllli BN N llll.l.l_

== Calculation result (case No.1) 1
T""E')'('b’éi"i'rﬁéhfé'l'féé’ﬁl’t’"(NIST) """"" Spacer contribution H

: == Mirror substrate contribution
- l —————————————————————————— Coating contribution H
T (e, [ T S -

Experlmental result (VIRGO) ‘
+“““l““l“T“ll“lll'“““l““I“I“TI“lll'“““l““T“I“I“ITII'“““T“T“I“I“IITI‘“““T“I“I“I“llTTi“““l““l“l‘lTIII'“““I‘“I“T“II“II'I"'
10° 107 10" 10° 10' 10° 10° 10°

Frequency [HZz]

Figure from: Numata K, Kemery A, Camp J, Thermal-noise

limit in the frequency stabilization of lasers with rigid

cavities, PRL 93(25) 250602, Dec 2004
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1/f noise and the FD theorem

~ ™)

Debye-Einstein theory for heath capacity A Single theory . .. .
explains Fluctuation Dissipation
* Heath capacit
Pacity }sis)
¢ Elasticity o 1o kT
 Thermal expansion —»B-<- thermal bath
. i | »iB 44
e ... and fluctuations i >

: / f
damping

A. Holden A, The nature of solids, Dover 1965

Thermal equilibrium applies to
all parts of spectrum




1/f noise and structural damping

X+ 25w, X + wh X =0 ho us

Steuckunal dics. patay
N M- ose wdth =
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Thermal 1/f noise i

X+ d%ew, X +uhx = O ?.e,umfl

‘e H ° K _
% A = Xt o= X =0 (MMM‘CSJ

m

1 _ 28 _ 1 12 oxadionm
M tACUM-

¥ n Cime

! ; y
M Viseous l Stawckunsb
Ww JM«',IM‘, JwIM'r ““d




Thermal 1/f from structural dissipation

Structural dissipation
nanoscale, instantaneous

Dissipated energy EF = dex

>
X = Xycos(wt)

Dissipation in solids is
structural (hysteresis)

There is no viscous
dissipation

Small vibrations
The hysteresis cycle keeps the aspect ratio

E < xg lost energy in a cycle

Thermal equilibrium

P = kT in1HzBW
P o kTx?

xg 0 ¢ 1/f —> flicker



A weird exercise

Dissipation in quartz resonators comes from phonon-phonon interaction
— Let’s look at what it would happen if it was about breaking bonds —

High-stability 5 MHz quartz resonator
The number of bonds of energy E

broken in 1 s by structural damping is
n=P/E

Taking E =2.7x107%°J (167 meV)

n=3.7x10* bonds / s

n/f = 3.7x10%* / 5x10° = 7.5x10°

e Active volume 1078 m3 (1 cm? x 100
um)
* Mass of 25 mg (=2.5 kg/dm?3)

N = 7.5x1017 atoms
(quartz 28Si 602 —> (A)=20)

* Drift D=10"1 /s (i.e., 107%/day, or

. bonds/cycle
6
107 in 30 years ) If the bonds are not repaired, the
* P =10 uW RF power crystal is “atomized” after
* Melting point 1670 2C (1943 K) T=N/n=2x10%s (34 M)

kT =2.68x1072° ) =167 meV
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Optimization

Setting up a Pound control is decently simple
Optimization is disappointingly complex



In situ testing: the ringdown method

Purpose: measure Q (or finesse) zeXyded - TR Svmoum e

& S&/\/%P

e —

gux/c&p
=

'e&S@L /QDOL/@/( 't‘l/\}x flt

/ LI/ N
- é!/_{:‘iu;hwwj?

ﬂ’ua WO\}’) &

ﬁ( ,,@?mw
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Ringdown method

Cavity ringdown

6 I I I I

| T | T
'884-ringdown.csv' u ($1*1e6):($2*1e3)

amplitude, au
\®) o

-8 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200

time, microseconds

works only with high Q cavities

makes the measurement possible
even if frequency is not stable
enough for other methods

wavelength sweep —> beat sweep
vs decay

the exponential decay timeis T
(amplitude, not intensity!)

J. Poirson, F. Bretenaker, M. Vallet, and A. Le Floch, J. Opt. Soc. Am. B 11, 2811 (1997).
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Critical coupling (g = 1) e

J
Re(V*) — ‘0 tJ’ g " g—1 40,9 Av
incident  § V1 s =t
pedent Y gt1 G+ Div,

* Maximum gain.

Im(I"
Re((r)) Immediately seen on J3{I'}
n * Lowest “useless” power in the
) i" | quadratic detector.
— — ? > Immediately seen on R{I'}
:::G"ff‘)’d L R } i R * The frequency error due to
0,0 /'\fut-o.-:' g+ residual AM vanishes

YTYTERS CERrrey Aree. v Some math — not shown



output voltage, mV

1000 —
500
: o
200 — ‘
100
1] o | 100 kQ linear region
071 3 (envelope detector)
11 ©
20 —
S DC
10
5 /
/ \ linear region
(power detector)
| | |
0

Detector responsivity

\

-20 -10 0 10
input power, dBm
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* The error signal comes
from the 2ac + 2bc terms

* Highest sensitivity just
below the corner

E. Rubiola, The Measurement of AM noise of Oscillators,
arXiv:physics/0512082 [physics.ins-det]. Fig. 5.
Also S.Grop, E.Rubiola, Proc.2009 IFCS Fig.1 (#artwork)

(a+b+c)=a*+b*+c?+ 2ab + 2ac + 2bc

2()

()



|[dentify the detector’s optimum power

emvelape ! B~ L5h benk } e O‘DJCLC,S
A _ / F —> )EM+°A~ geAA.)(
: p\\\ "\ . q/ﬁ.\‘\\\ | /// -7(0 ' £ 5o;i‘m‘l'¢om
b f %ﬂ f\l%ﬁ\f lﬂ‘nt\\@> §
: // | AR , wawes/ Rt
CM;\G\U(_/ J L/\)/\ \\\&\L fwlll// ' U\b“\j/d }3' —  soturofon

———— ’ '\»
(%
W

Of‘kv(\,/\Mik/\AA uuozsﬂxmg 1704447{‘:

moximize. The 2 KU beat anote

(a+b+c)=a*+b*+c?+ 2ab + 2ac + 2bc



Maximum power in the resonator

Dissipated P —> Thermal instability (obvious)

Traveling P —> Instability
* Electrooptic effect: electric field affects the dielectric constant

e Radiation-pressure
Chang & al., ...radiation pressure effect..., PRL 79(11) 1997

Difficult to lock (w;, runaway)
e Control instability and failure

“Maximum P” applies to the carrier, not to sidebands
* The carrier gets in the resonator, the sidebands are reflected

Look carefully at the resonator physics
* Loss and dissipation are not the same thing
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Modulation index

 The sidebands are reflected

* High modulation index —> high sideband power
* Higher gain without increasing P inside the resonator

e Effect of higher-order sidebands (+2(), +3(), etc.)
* Not documented — though conceptually simple

 DSB modulation, instead of true PM
* A pair of sidebands is simpler than true PM
* Modulator 1/f noise?
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Modulation frequency

Lower bound for ()
* Total reflection at w,, £ Q) is necessary
 Thus, Q > B/2m, B =resonator bandwidth

Why to choose the largest possible ()
e Larger control bandwidth
* Higher dc gain —> higher stability

Why not to choose the largest possible ()
* Avoid dispersion (PM —> AM conversion)
* Technical issues / Design issues

My experience — at Femto-ST
e 95-99 kHz for the sapphire oscillators (10 GHz, B=10 Hz)
e 22 MHz for the optical FP (193 THz, B = 30 kHz)
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Residual amplitude modulation (RAM)

* Residual AM vyields a detected signal at the modulation
frequency Q
* Generally poorer operation
* Frequency error —> w0 # wn at the null point
* Frequency fluctuation if the AM fluctuates

* Dispersion results in PM —> AM conversion
* Breaks the non-distortion condition

Basu R, Wang R, Dick GJ, Novel design of an all-cryogenic RF Pound circuit, Proc IEEE IFCS 2005
Marra G & al, Reduction of residual amplitude modulation ..., Proc. EFTF 2004



Removing the residual AM

40 kHz Modulation —
Signal + dc Bias

Tunnel Diode
Detectors

Tunnel Diode

Modulator
AM Null

Output

16 GHz 6dB coupler
» —] Pound
Signal
Output
G
Q Phase
Shifter _
I Sapphire
— Resonator
Loaded Q of
60 million

Figure from R. Basu, R. Wang, G. J. Dick, Novel design of an all-
cryogenic RF Pound circuit, Proc IEEE IFCS 2005
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 Additional detector enables
nulling the AM in closed loop

* The power detector is reversible

e Reversed, is used as a variable
stub



Filter the detector output
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~

B dc terms ,
Vo l? g — 4Qo Aw
PI o [L] + o [1253
2R, Ji(m) ]O(m) 1 + ]o( ) PR +
W, [Vol? 4Qy Aw _
E 2R, Ji(m) COS(ZQt)I 2R, Zlo(m)h(m)g T 1w, sin(€t)
' diagnostic | error signal
j beat > 50
------ A
Re(V 7) Ji N
Large, 2Q) Small, Q eflected | .
myo) " N _
w-0 w w+Q
Separating the Q and 2Q signals with passive filter 5 ‘ . 5
helps in getting clean, simple and effective electronics SO TSN W A
' beat —> Q i - ' beat —> Q i -

ﬁ----------- ‘-----------



More optimization issues Y

* Given the laser power —> best modulation index (Eric Black)
e Detector saturation power —> best modulation scheme

* Resonator max power —> best modulation
e Quadrature modulation (uwaves) — does it really make sense?
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Alternate Schemes



The original Pound scheme

449

All the key ideas are here

Cavity
Ad just
Magic Te e /,, justable Line Length
Crystal B | Attenuator Useful Output
X —
Buffer |
Amplif. ® Crystal A 1
I-F Osc. ool
Buffer
Amplif. 1-F Amplif ier Lock in
Mixer
|

R. V. Pound, Rev Sci Instruments 17(11) p. 490-505, Nov. 1946

However technology, electrical symbols,
and writing style are quite different



The Pound-Drever-Hall scheme

1SO

The Pound scheme ported to optics

phase optical
laser > modul. resonator
VCO
J
Servo photodetector
ampli @ ?
LO

Figure from E. Rubiola, Phase noise and frequency
stability in oscillators, © Cambridge University Press

o

IF@RF
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R.PV. Drever, J.L. Hall & al., Appl. Phys. Lett. 31(2) p.97-105, June 1983
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The Pound-Galani oscillator

C T T T T T
J oscillator loop ‘ :
‘ |
i
] ‘ | * Great VCO for cheap
¢ Vo |
S U 0 * Easier to control
2| output I
2 2‘ , " ' * Two-port resonator
2 a [ detector * More complex
5 ! !
: ! v| } h 1 , 3 ' ' * Lower Q
g L . phase 1@ !
2 ; DIf modul | , !
s __ 4 ; :
TR :
sE RF |
g £ @fm S ac vV, LO :
ugJ % : control : Z. Galani & al, Analysis and design of a single-
<2 IF resonator GaAs FET oscillator with noise
a5 + ! degeneration, IEEE-T-MTT 39(5), May 1991
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Pound-Galani transfer function

resonator lock-i
POUND - GALANI SB$1eh hal nalfwicth Zfit?;? modu-
lati
(-«Uo A(o : : e,%‘at:lon
(VA —-—: Filker E E «9,:
- [} ] (1N
! Om : AN
j : : : \‘
Sek poluf 0° SW, W Q
(W PUT \ouTpuT arg(4) | : I
] ]
Ue, A(U") - Ve () U& E | arbit.:rary
Ve (o) l :
l l frequency e phase > g0
detection ' detection idetection

* FD region —> full performance

* PD region
* Flat frequency response, not for free

* Poor response of the frequency-error detection
* Higher noise
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The Pound-Sulzer oscillator

tuning
voltage

oscillator
loop

rf amplifier

1

W

lJZSZD\

lock-in amplifier

phase
modulator

audio
oscillator

|||||||||||

ssald Alsianiun adpriquie) @ ‘si01e||19so ul Aljigels
Aduanbauy pue asiou aseyd ‘ejoigqny ‘3 wouj an3i4

P. Sulzer, Proc. IRE 43(6) p.701-707, June 1955
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Resonators and Oscillators

Microwaves



Whispering gallery resonator 2

Geometrical optics All figures of this page are s
. . Energy courfesy of V. GioFrJdSno, .
Interpretation trapped CEMTO.ST
- Paris underground
Full reflection |dn.5||detthe '
ielectric -
Energy Electromagnetic field
' |
Wiy,
N 7,
- -
= - L
- ~ 4D
’ . I
s W .
JI1l\ E T

WGH rr\l/ode
QONL — ~10° @4K
tgd




Temperature compensation

All figures of this pages are courtesy of Compensat|on eXpIO|tS |mpur‘|t|e5’ 26 K

V. Giordano, FEMTO-ST
|
|
Sapphire |
\\\"--.______J_______————”’//

Perturbation o ,

Vo

To
- Two ideas tested above 30K
E g
10710
Sapphire
T /Copper 10~
i - G
T T
- Rutile—
a) | Sapphire b) 1012 | | |
1 10 100 1000

Integration time T (s)
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Temperatu re compensation

paramagnetic impurities: Fe3+ Cr3+, Mo3+, Ti3+

Py
re Sap ok,
re

Sapphire | o
6 6 .‘Pl} ; t 5D Sappféﬂre &
e : : . paramag. ions

Paramagnetic ion 4

All figures of this page are courtesy TO N 6 K

of V. Giordano, FEMTO-ST



CSOs exhibit 10—
ultimate | : f f
stability

5
8
1

1= B - “~_ semi-major axes, :
10 15 "‘“Cl'lu B

Overlapped ADEV
[
o

]

’ : ‘ :
BT G, Mg S ISt
'E_ g g i ] FG\? ‘..-I ; ".'.?' .H‘\“‘é‘- —E.
i ‘g_g_;_} : : ?r"‘ - : O~7 f/? b

O o 5 ; b |
: c : : i . 0 S :
10185??-.\ %S

10—19 'E:'.!Ef‘.qati'.ipl]:'-F'rll:-getti}qﬁ:_S-intEd-'l._'DE-.'qlnp_'l.[la}_ﬁ'le;a:Fl._lr;as'ﬂ3_CF|_'D‘.D-11FD|FE-|:_t+IBI:'JQtIE:LﬂE-_IIIWE R , T
10° 10" 10° 10° 10* 10°
Averaging time 7, s
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ELISA, before going to Argentina

Photo FEMTO-ST

2-inch sapphire monocrystal
Photo V. Giordano

4

B




% ULISS
&
Q\Qo
<
,&\S\ Photo E. Rubiola
Q """ ULISS Cryogenic Sapphire Oscillator —
O : lélltra-swble .IL? 5 MHz i
' and autonomous >
Q/(} i frequer;céys rg)ference '
\Q ! Frequency ——— & 100 MHz He Compressor
(J E E—> Synthesis ’
\Q/ :’,; 10 GHz PCO
SQ ! —E—|> CSO freq.
\ PCO \ -
QO 100 MHzE
Input Y 1Y)
ADEV measurement ELISA/ULISS
-12
=10 _ _
o 3 days measurement without post-processing
:5 Perturbed environment:
g 10-13 - Technical university (ENSMM), > 800 students
> A - Air conditioning still not operational during
8 [T Tiii measurements
O _ . 1
S, 10714 oA(t) 2 units); @]
qg @ o @ g m 3 hours extracted from the entire data set
o i o T [EVOR - - Quiet environment, nighttime
> 10_15@3 o e @ — - Take away 3dB for two equal units
= = Sesnin . o..(T ant ] -A-counter compensated: for flicker: oa(t)= 1.3x0y(T)
o : A% flicker floor: 4x10-16 10s<1t< 1,000 s
% 10-16 T T
1 10 100 1000 10000 100000

Integration Time (s)
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The Flory-Taber Bragg resonator

£
’
/
llllllllllllll ’
N
|V
’ v 4 ’ lllllllllllll / ’
/ / NV
/ a 1111111111111 ‘m’ /
| /
0o 1!
/N A1
0l 1 U0
’m’ llllllllllll ’
/I BN
’ , ’LLI llllllllll ’J’ ’
' /
N /
/R
1
/

* Measured Q = 6.5x105 at 9 GHz, and 4.5x105 at 13.2 GHz
 Oscillator stability and noise not reported (yet)
* Project dropped

Figures / Featured article: Flory CA, Taber RC, IEEE T UFFC 44(2), March 1997



The Bale-Everard aperiodic Bragg resonator **

A 5
r [/
21z 1T
° Suitable to Pound lock
S 3
B L
R \

* 6-plates 10 GHz resonator
e Q> 3x105 (simulated)
e Q= 2x105 (measured)

e Oscillator stability and noise not
reported yet

Featured articles / Figures from:
S. Bale, J. K. A. Everard, High Q X-band distributed Bragg resonator utilising an aperiodic alumina plate arrangement, Proc IFCS-EFTF 2009
J. K. A. Everard, Proc. IFCS-EFTF 2015
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Small superconducting Resonator

Superconducting resonator (NPL, UK)
Nb on Al203, 300x300 ym2. 7.5 GHz, Q = 5E4,

>
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Lindstrom, Oxborrow & al, Rev Sci Instrum 82, 104706 (2011)




464

Resonators and Oscillators

Optics
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Stabilization of the FS comb

Featured book

FEMTOSECOND OPTICALY

 The FS comb enables frequency synthesis from EECISIS s (1P
RF to OptiCS ' TECHNOLOGY |
° Major breakth rough | pp"\'c';p“E' DD.EQAT'DN‘ b Af’p"'c’”"o"' .

e 2005 Nobel prize, Roy J. Glauber, John L. Hall, A

Theodor W. Hansch

 Stability and noise
* Low noise in the sub-millisecond region

e Drift and walk
* Need stabilization

* Common practice
e CW laser stabilized to a FP etalon

* PDH control — of course
* Compare/stabilize the FS comb to the CW laser

@ Springer
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Fabry Pérot cavity

Bragg Spacer Bragg
layer i /| layer
" - * Smart design of the spacer provides
= o
£ E * Low sensitivity to acceleration
E . . « Temperature compensation
bondin : ' : * ULE and Zerodur
p|aneg : * Many materials (Si, Ge, ...) have natural
. : : P plane turning point
optical] .. e . : : :
plane : Ls L ‘;ﬁ’gﬁg' * High Qis possible, > 1010 (=10 kHz
Lp<0 st R optical bandwidth)
| Lo=Ls+Lp+lc |
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The JILA
bicone spacer

March 15, 2007 / Vol. 32, No. 6 / OPTICS LETTERS466;1

Compact, thermal-noise-limited optical cavity for
diode laser stabilization at 1X1071°

A. D. Ludlow, X. Huang,* M. Notcutt, T. Zanon-Willette, S. M. Foreman, M. M. Boyd, S. Blatt, and J. Ye

JILA, National Institute of Standards and Technology, and University of Colorado Department of Physics,
University of Colorado, Boulder, Colorado 80309-0440, USA

Received October 30, 2006; accepted November 25, 2006;
posted December 20, 2006 (Doc. ID 76598); published February 15, 2007
We demonstrate phase and frequency stabilization of a diode laser at the thermal noise limit of a passive
optical cavity. The system is compact and exploits a cavity design that reduces vibration sensitivity. The
subhertz laser is characterized by comparison with a second independent system with similar fractional fre-
quency stability (1 X1071®at 1s). The laser is further characterized by resolving a 2 Hz wide, ultranarrow

optical clock transition in ultracold strontium. © 2007 Optical Society of America
OCIS codes: 140.2020, 030.1640, 300.6320.
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Field-test of a robust, portable,
frequency-stable laser

David R. Leibrandt,* Michael J. Thorpe, James C. Bergquist, and

Till Rosenband
National Institute of Standards and Technology, 325 Broadway Street, Boulder, Colorado
80305, USA
*david leibrandt@nist.gov
Abstract: We operate a frequency-stable laser in a non-laboratory

environment where the test platform is a passenger vehicle. We measure the
acceleration experienced by the laser and actively correct for it to achieve a
system acceleration sensitivity of Af/f = 11(2) x 10~'%/g, 6(2) x 10~1%/g,
and 4(1) x 10712/g for accelerations in three orthogonal directions at 1 Hz.
The acceleration spectrum and laser performance are evaluated with the
vehicle both stationary and moving. The laser linewidth in the stationary
vehicle with engine idling is 1.7(1) Hz.

The NIST
spherical spacer

(a) van

electronics

fiber w/ noise
cancellation

ultra-stable
1070 nm laser
from lab




The improved NIST
spherical spacer

PHYSICAL REVIEW A 87, 023829 (2013)

Cavity-stabilized laser with acceleration sensitivity below 10~ g1

David R. Leibrandt,” James C. Bergquist, and Till Rosenband
National Institute of Standards and Technology, 325 Broadway Street, Boulder, Colorado 80305, USA
(Received 31 December 2012; published 21 February 2013)

We characterize the frequency sensitivity of a cavity-stabilized laser to inertial forces and temperature
fluctuations, and perform real-time feedforward to correct for these sources of noise. We measure the sensitivity
of the cavity to linear accelerations, rotational accelerations, and rotational velocities by rotating it about three
axes with accelerometers and gyroscopes positioned around the cavity. The worst-direction linear acceleration
sensitivity of the cavity is 2(1) x 10~!! g~! measured over 0-50 Hz, which is reduced by a factor of 50 to below
10~!2 g=! for low-frequency accelerations by real-time feedforward corrections of all of the aforementioned
inertial forces. A similar idea is demonstrated in which laser frequency drift due to temperature fluctuations is
reduced by a factor of 70 via real-time feedforward from a temperature sensor located on the outer wall of the
cavity vacuum chamber.

DOI: 10.1103/PhysRevA.87.023829 PACS number(s): 42.62.Eh, 42.60.Da, 46.40.—f, 07.07.Tw

Flexure
spring

(b)

Invar rod

Torlon
ball
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h . | . PHYSICAL REVIEW A 75, 011801(R) (2007)
O r I Z O n ta C a V I ty Vibration insensitive optical cavity

S. A. Webster, M. Oxborrow, and P. Gill
National Physical Laboratory, Hampton Road, Teddington, Middlesex, TW11 OLW, United Kingdom
(Received 31 October 2006; published 9 January 2007)

An optical cavity is designed and implemented that is insensitive to vibration in all directions. The cavity is
mounted with its optical axis in the horizontal plane. A minimum response of 0.1 (3.7) kHz/ms? is achieved
for low-frequency vertical (horizontal) vibrations.

DOI: 10.1103/PhysRevA.75.011801 PACS number(s): 42.60.Da, 07.60.Ly, 06.30.Ft

heatsink
PHYSICAL REVIEW A 77, 033847 (2008)

Thermal-noise-limited optical cavity

S. A. Webster,! M. Oxborrow,' S. Pugla,” J. Millo,’ and P. Gill!

"National Physical Laboratory, Hampton Road, Teddington, Middlesex, TW11 OLW, United Kingdom aluminum cylinder
T,

Blackett Laboratory, Imperial College London, South Kensington Campus, London, SW7 2BZ, United Kingdom
3SYRTE, Observatoire de Paris, 61, Avenue de I’Observatoire, 75014, Paris, France
(Received 31 October 2007; published 27 March 2008)

A pair of optical cavities are designed and set up so as to be insensitive to both temperature fluctuations and
mechanical vibrations. With the influence of these perturbations removed, a fundamental limit to the frequency
stability of the optical cavity is revealed. The stability of a laser locked to the cavity reaches a floor <2
X 10713 for averaging times in the range 0.5—100 s. This limit is attributed to Brownian motion of the mirror
substrates and coatings.

Peltier
DOL: 10.1103/PhysRevA.77.033847 PACS number(s): 42.60.Da, 07.60.Ly, 07.10.Fq, 06.30.Ft



Force-insensitive optical cavity 471

Stephen Webster* and Patrick Gill

The NPL small
. . National Physical Laboratory, Hampton Road, Teddington, Middlesex, TW11 OLW, UK
C u b I C C a V I ty *Corresponding author: stephen.webster@npl.co.uk

Received June 20, 2011; revised August 11, 2011; accepted August 11, 2011;
posted August 12, 2011 (Doc. ID 149376); published September 9, 2011

We describe a rigidly mounted optical cavity that is insensitive to inertial forces acting in any direction and to the
compressive force used to constrain it. The design is based on a cubic geometry with four supports placed symme-
trically about the optical axis in a tetrahedral configuration. To measure the inertial force sensitivity, a laser is locked
to the cavity while it is inverted about three orthogonal axes. The maximum acceleration sensitivity is 2.5 x 10711 /g

(where g = 9.81ms2), the lowest passive sensitivity to be reported for an optical cavity. © 2011 Optical Society of
America

OCIS codes: 140.4780, 140.3425, 120.3940, 120.6085.




PHYSICAL REVIEW A 79, 053829 (2009)

T h e SY RT E Ultrastable lasers based on vibration insensitive cavities
h ' t | 't J. Millo, D. V. Magalhdes, C. Mandache, Y. Le Coq, E. M. L. English,’x< P. G. Westergaard, J. Lodewyck,
O r I ZO n a C a V I y S. Bize, P. Lemonde, and G. Santarelli

LNE-SYRTE, Observatoire de Paris, CNRS, UPMC, 61 Avenue de I’Observatoire, 75014 Paris, France

(Received 5 February 2009; published 18 May 2009)

472

We present two ultrastable lasers based on two vibration insensitive cavity designs, one with vertical optical
axis geometry, the other horizontal. Ultrastable cavities are constructed with fused silica mirror substrates,
shown to decrease the thermal noise limit, in order to improve the frequency stability over previous designs.
Vibration sensitivity components measured are equal to or better than 1.5X 107!/m s™2 for each spatial
direction, which shows significant improvement over previous studies. We have tested the very low depen-
dence on the position of the cavity support points, in order to establish that our designs eliminate the need for
fine tuning to achieve extremely low vibration sensitivity. Relative frequency measurements show that at least
one of the stabilized lasers has a stability better than 5.6 X 1071¢ at 1 s, which is the best result obtained for this

length of cavity.

DOI: 10.1103/PhysRevA.79.053829 PACS number(s): 42.60.Da, 07.60.Ly, 42.62.Fi
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The PTB transportable laser
UL ——

Demonstration of a Transportable 1 Hz-Linewidth Laser
Stefan Vogt, Christian Lisdat, Thomas Legero,
Uwe Sterr, Ingo Ernsting, Alexander Nevsky,

Stephan Schiller

APPLIED PHYSICS B: LASERS AND OPTICS -
Volume 104, Number 4, 741-745, DOI: 10.1007/s00340-011-4652-7
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Natural Si has zero expansion at 17 K and 124 K

Figure from: K. G Lyon & al, JAP 48(3) p.865, 1977

300 T | 1 || t i 1 1
Lyon & al, J Appl Phys 48(3), 1977 T =124 K—>T. Kessler & al., PTB / QUEST -

250 F - Proc. 2011 IFCS

200 r -
c'gi 15C [ ' -
' ~
O SS
Z 100 /% Loz
S5 4‘//-\\

S Fr— ] o
SEE INSET cale CARR \ \20 K. G. Lyon & al, Linear thermal expansion
0 { ' } 4 {-02 measurements on silicon from 6 to 340K - J
' ' Appl. Phys 48(3) p.865, 1977
50 2 | \ . \ 1 1 1 L Swenson CA - Recommended values for the
0 50 100 150 200 250 300 350 400 thermal expansivity of Silicon from 0 to 1000 K -

T, (K) JPCRD 12(2), 1983



The PTB
124-K
SI cavity

TABLE II. Parameters for optical resonators.

Parameter Value

21-cm cavity

Cavity length 0.212 m
Spacer radius 0.04 m
Radius of central bore 5 mm
ROC of mirror 2 m
Beam radius on mirror 482 pm
Cavity temperature 124 K
Cavity finesse 3.6 x 10°
Laser wavelength 1542 nm
6-cm cavity

Cavity length 0.06 m
ROC of mirror 1 m
Beam radius on mirror 294 pm
Cavity temperature 4orl16 K
Cavity finesse 2.9 x10°
Laser wavelength 1542 nm

Single-crystal silicon

Young’s modulus 188 GPa [65]
Poisson ratio 0.26 [65]
Density 2331 kg/m? [66]
Thermal conductivity 600 W/mK [67]
Specific heat 330 J/kgK [68]
Mechanical loss 0.83 x 1078 [69]

Christian Hagemann QUEST - Centre for Quantum Engineering and Space-Time Research

Experimental setup

120 K shield «——— Vacuum chamber

Silicon cavity. »

Passive shield

Silicon cavity is thermally isolated by
two gold-plated copper shields.

Table Il from J. Yu et al, Excess Noise and Photoinduced Effects in
Highly Reflective Crystalline Mirrror Coatings, Phys Rev X 13(4) 2023
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A. Didier et al., Photo from the authors

Spherical FP etalon

Implemented at FEMTO-ST Institute, using a kit from

Stable Lasers Sistem, Boulder, CO, USA

10-13 . }
A. Didier et al., Fig.3 ‘
10" /
M
././ ) }—-‘}'/.
/. o i ®
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:l/ /// \ (WA
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1 Y 100 l'[‘(ls‘)mllooo

-40 \
\\ A. Didier et al., Fig.2
-60 1\

sod N\ -'

L( 1) (dB¢/Hz)

10° 100 10

f(H2)
Phase noise —104 dBc/Hz, state of the art

Frequency instability limited by the lab
temperature fluctuations

Operational, oy(t) = 2x1071°

A. Didier, J. Millo, S. Grop, B. Dubois, E. Bigler, E. Rubiola, C. Lacro(te, Y. Kersalé, Ultra-
low phase noise all-optical microwave generation setup based on commercial devices,

Applied Optics 54(12) pp.3682-3686, April 2015.
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femto-st  Compact FP etalon Y

B O BN SCIENCES &
TECHNOLOGIES o , ,
Original project at FEMTO-ST Institute

Picture J. Millo, FEMTO-ST

Picture J. Millo, FEMTO-ST

Target oy(t) = 2x1071°



Photos/pictures from the OHMS team, FEMTO-ST Institute

femto-st

B B SCIENCES &
TECHNOLOGIES

head Heat

transfer
guide

Heating

elements Cold plate

Ring
spacer

Low vibrations cryocooler:
displacement less than 40 nm

Temperature instability less
than 100 pK

Silicon FP etalon
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Original project at FEMTO-ST Institute

<€ — Projection of <110> onto the (111)
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Fundamental Physics
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VIRGO — GraV|tat|onaI waves

Noflotcon im0

" VIRGO | |nstallat|on Cascina, Pisa, Italy

September 14, 2015
twin LIGO interferometers,
Livingston, LA, Hanford, WA

Duplicated

Suspended
resonant
cavity

* Large Michelson
interferometers detect the
space-time fluctuations

Mirror

e PDH control is used to lock

rlate topics,avaableomine o ultra-stable lasers to the
edam splitter .
T interferometer

Laser Photodetector

https://www.virgo-gw.eu/

https://www.ego-gw.it
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Lorentz invariance

PHYSICAL REVIEW D 80, 105011 (2009)
Rotating optical cavity experiment testing Lorentz invariance at the 1017 level

S. Herrmann,l’2 A. Senger,l K. Mtihle,1 M. Nagel,l E. V. Kovalchuk,1 and A. Peters!

'nstitut fiir Physik, Humboldt-Universitiit zu Berlin, Hausvogteiplatz 5-7, 10117 Berlin
2Z4RM, Universitdat Bremen, Am Fallturm 1, 28359 Bremen
(Received 10 August 2009; published 12 November 2009)

We present an improved laboratory test of Lorentz invariance in electrodynamics by testing the isotropy
of the speed of light. Our measurement compares the resonance frequencies of two orthogonal optical
resonators that are implemented in a single block of fused silica and are rotated continuously on a
precision air bearing turntable. An analysis of data recorded over the course of one year sets a limit on an
anisotropy of the speed of light of Ac/c ~ 1 X 10~!7. This constitutes the most accurate laboratory test of
the isotropy of ¢ to date and allows to constrain parameters of a Lorentz violating extension of the
standard model of particle physics down to a level of 10717,
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