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Wavelet (Allan) Variance



Physical Quantities
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Se(f) and Z(f)

Phase noise PSD S,(f)
Ssp(f) = F {pr (1)} (Autocovariance)

11 * Units
So(f) =E{®(f)®"(f)} (WK theorem) S0 - lradZHa]
{ So(f) = 7 (2(/)2*(f)),n <measured>} 10 Log1o(Se) —> [dBad?/Hz]

L] ] Po
The obsolete definition of Z(f) is B
SSB power in 1 Hz band 1 I
Z(f) = . N
carrier power
The problem with this definition is that it does not divide AM noise - >

from PM noise, which yields to ambiguous results Vo Vo+f v



Polynomial Law

Power Spectral Density (PSD) S¢(f)

integrated flicker

1/
random walk
/ (integrated white)

1/£3 flicker white

1/f% J

1 0

Se

integrated
random
walk

log-log scale

Model which is useful to describe the close-in noise

* Oscillator PM: S,(f) = ... + b_a/f* + b_3/f3 + b_2/f? + b_1/f + bo

« Oscillator FM: Sy(f) = ... + h2/f2+ha/f + ho +hif + hof?
* Oscillator AM: Sq(f) = h-1/f + ho (chiefly, but not only)
 2-port device PM: S,(f) = b-1/f + bo (chiefly, but not only)

« 2-port device AM: Sq(f) = h-1/f + ho (chiefly, but not only)
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Jitter - Time Fluctuation

* Convert phase noise PSD into Sx(f)
Phase-Time PSD

* Integrate over the suitable bandwidth

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

Identify the
integrated flicker
1/ boundary, and
random walk :
(integrated white) Integrate

3 :
integrated 1/f flicker

random | 00 N\ qssssfssssssssbhassndmsm .

i : Xrms
- f (seconds)

walk

log-log scale



Flicker Never Diverges

b b
P:/ S(fydf P = h—}ldf:h_l lng

1/a = 4.3x10'8 s (age of universe)
1/b = 5.4x10* s (Planck time)
logz(b/a) = 205.6 (bits)

In(b/a) =~ 142.5 (21.5 dB)

However

Flicker introduces time correlation between samples
(up to 1us-1ms) and the averaging law 1/,/N is gone



Allan Variance
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energy

E{lwa} = /_OO w4y (t) dt = =

1

T

the Allan variance differs from a wavelet variance
in the normalization on power, instead of on
energy



Phase Noise to AVAR Conversion E:

s -~

@ et AL i signal sources only
v(t) = Vp [1 + a(t)] cos [2mot + ¢(t)] sy b, £ -
| 1
. H '
Phase noise | : flicker freq. ; ]
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* . | + 1 -
Sgo(f ) =K {(I)(f )‘I) (f )} (expectation) | I : and two-port devices
|
| * e white freq
So(f) = (B())®*(f)),, (average) | . | — TARBRE
| : _________________ flicker phase.
b f_ ] ‘I
L : white phase b0
N I s o i g e e o e e e e ¢
I '
L '
Vo x 2vE
O 5 A 0 A e o o A
Sy
. 2 |
© (t) f : random white phase
Y t) = — S f =T f ' walk freq. \
(®) = 5o (N =358 A
: flicker freq flicker phase /
| ;  white freq \.\ 5 f
I \ / | .
[ N I | U
y ESE N D
Allan variance oy (1) | PEaa G
(two-sample wavelet-like variance) : Vs T /
1 p r . \\ , freq.
s S " | flicker ph ; N drift
oy(T) =E {5 = e e i
: ) flicker freq. random walk freq.
white freq. @n)?
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Allan Deviation - Examples

le—14 |

le-15 &

Allan Standard Deviation (ADEV)

16_16 : S—— ' L L L1l 1 L1 11111 1 [ N |
1 10 100 1000 10000 100000
Integration Time (s)

Sapphire, latest results
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Phase Noise In Devices
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Additive VS Parametric Noise

PSD

file: amp-add-vs-param

additive noise
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( ) noise-free .
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nput output

sum
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RF noise,
close to v,

———————
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stopband
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Yo

the noise sidebands are
independent of the carrier

4 ™
parametric noise
U(t) noise-free V(t)
o——— AM PM el Re—
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X(t) y(t)
)
)
o
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the noise sidebands are
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Amplifier White and Flicker Noise

S<P(f) b_, = constant vs. P,

by = N,/P, = kT/Po= SNR

by , low P,

log-log scale

file: amp-flicker-fc

f.=(b_, / N P,

The corner frequency fc, sometimes specified
In data sheets is a misleading parameter
because it depends on Py

14



15

-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 =R N 2 o I 11T
il 3 P=—80dBm =+~ - | z |
LA UEIR B R RS R T e T T A P §0dBm
i .
- - - N
- The 1/f phase noise b-1 is about independent of power R e AR S RS\ SRea R = S
) : : H E
- The white noise b0 scales as the inverse of the power - i 500 Nl ol
2 P=-50dBm
- - - - E TI""R""1""1" "1 : """""""" : """""""" : """"""""""""""""""
P The corner frequency IS m|S|ead|ng because It (ol E. Rubiola, Phase Noise and Frequency Stability in
d d ~130 Oscillators, Qambridge 2008; ISBN 978-0521;-88677-2 :
cpenas on power 1 10! 102 103 104 10
-110 AN PNBI51 -135 _ Fourier frequency, Hz
1 R. Boudot, PhD thesis SiCe LPNTa2 40
10 GHz Moncirad at L AAG 3.5 GHz AML412L2001
'140 IWVICdAdOUI CU dtl L. ~J
-120 1S 1 9.192GHz
1451 N4 -110 01/10/09
N
T 130 T 150 i SR BB -120-%
N P,=:16dBm | ‘ = m
0 0 = 1
o 8 155 \ 55 Pp= -15 dBm
i Py =-10 dB ‘ 7 i 1
T -140 (fieets L T P,=-10dBm| m Po= 112 dBm
2 "9 -160 1 T -O‘ | P0= -10 dBm
n %) ] o 140 '
-165 N bt _
-150 |
_170 ? '150 W
Po = -7 dBm M 1 Pg=0 :
'160 T T T rrrrr T T rrrrrr T T T rrrrr T T T rrrrr T TrrrriT '175 T rrTTTY T TTrTTTTT T rTTTTY T rrTTTTY '160 T T rrrrrr T T rrrrrr T T rrrrrr T T rrrrrr T T T rrrrr
1 10 100 1000 10000 100000 10 100 1000 10000 100000 1 10 100 1000 10000 100000
f, Hz f, Hz f, Hz
-100 -90
AML612L2201
9.2 GHz
-110 34-0et 2007 -100
-110
E '120 N N 7]
= I & 2120
© N 45
S 130 8 S -
S 2 » ot S -130
o 2 - o -
o> -140 & )
P 140 3 o -140
_ Py = -30 dBm m
-150 ‘ o -150 -150
i | Py =-25dBm |
-160 T LA LA A T LA AL R A T LA R T TrTrTTTT T TTrTrTTTT -160 T T 1T T rrrr T T T rrrrr T T T rrrrr T T T rrrrr T T rrrrrr -160 T T TrTTTT T T T TTrTTT T T T TTTIT T T T TTTIT T TTTTTTT
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000 1 10 100 1000 10000 100000

f, Hz f, Hz f, Hz



16

Opto-Electronic Delay Line

optics , microwaves

I
laser . EOM delay Ty . |
1SO 1SO '
(0000) ™
- -
1% ‘@ iyimn|
intensity modulation P(t) = P(1 + mcosw,t)
N 4N 5 . q°n
photocurrent i(t) = - (1 +mcosw,t) shot noise N, = h "PR,
1
] L 1
microwave power P, = - m’R, (qn) P thermal noise N: = FKTj
2 hv S(pO (rad?/Hz)
: : ~4
total white noise shot thermal I . 10 £ F=2, m=0.1
P0 = TT5 | = _ § F=1, m=1
m n P Ry \ qn P =
1 1078
! ! threshold
flicker phase noise 010 power
e ampli: GaAs: b_1 =-100 to —110 dBrad?/Hz, ’
SiGe: b-1 = -120 dBrad?/Hz 10-12
e photodetector b_1 =-120 dBrad?/Hz
[Rubiola & al. MTT/JLT 54(2), feb. 2006 10-14 AN NVons
e (mixer b_; ~—120 dBrad2/Hz 16 |-mizerand posiietect. ampli
Optical-fiber phase noise? 107 106 1005 10¢ 107 102 107}
Still an experimental parameter optical power (W)



Photodetector 1/f noise

Rubiola, Salik, Yu, Maleki, MTT 54(2) p.816-820, Feb 2006

the photodetectors we measured are
similar in AM and PM 1/f noise

the 1/f noise is about -120 dB[rad2])/Hz

other effects are easily mistaken for the
photodetector 1/f noise

environment and packaging deserve
attention in order to take the full benefit

W: waving a hand 0.2 m/s,
3 m far from the system
B: background noise

P: photodiode noise

S: single spectrum, with
optical connectors and no

isolators

B: background noise
P: photodiode noise

-100

DSC30-1k and HSD30
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| file plot711a.pdf

e connections are spliced
e isolators are inserted

e air-flow shielding
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Physical phenomena in optical fibers

Birefringence. Common optical fibers are made of amorphous Ge-doped silica, for an ideal fiber is not expected to be birefringent.
Nonetheless, actual fibers show birefringent behavior due to a variety of reasons, namely: core ellipticity, internal defects and forces,
external forces (bending, twisting, tension, kinks), external electric and magnetic fields. The overall effect is that light propagates
through the fiber core in a non-degenerate, orthogonal pair of axes at different speed. Polarization effects are strongly reduced in
polarization maintaining (PM) fibers. In this case, the cladding structure stresses the core in order to increase the difference in
refraction index between the two modes.

Polarization mode dispersion (PMD). This effect rises from the random birefringence of the optical fiber. The optical pulse can choose
many different paths, for it broadens into a bell-like shape bounded by the propagation times determined by the highest and the lowest
refraction index. Polarization vanishes exponentially along the light path. It is to be understood that PMD results from the vector sum
over multiple forward paths, for it yields a well-shaped dispersion pattern.

Bragg scattering. In the presence of monocromatic light (usually X-rays), the periodic structure of a crystal turns the randomness of
scattering into an interference pattern. This is a weak phenomenon at micron wavelengths because the inter-atom distance is of the
order of 0.3--0.5 nm. Bragg scattering is not present in amorphous materials.

Brillouin scattering. In solids, the photon-atom collision involves the emission or the absorption of an acoustic phonon, hence the
scattered photons have a wavelength slightly different from incoming photons. An exotic form of Brillouin scattering has been reported
in optical fibers, due to a transverse mechanical resonance in the cladding, which stresses the core and originates a noise bump on the
region of 200--400 MHz.

Raman scattering. This phenomenon is similar to Rayleigh scattering, but it involves the optical branch of phonons.

Rayleigh scattering. This is random scattering due to molecules in a disordered medium, by which light looses direction and
polarization. In SM fibers at 1.55 ym it contributes 0.15 dB/km to the optical loss.

Double Rayleigh scattering. A small fraction of the light intensity is back-scattered, and in turn a (small)2 fraction is forward scattered.
This is a stochastic to-and-fro path, which originates phase noise.

Kerr effect. This effect states that an electric field changes the refraction index. So, the electric field of light modulate the refraction
index, which originates the 2nd-order nonlinearity.

Discontinuities. Discontinuities cause the wave to be reflected and/or to change polarization. As the pulse can be split into a pulse
train depending on wavelength, this effect can turn into noise.

Group delay dispersion (GVD). There exist dispersion-shifted fibers, that have a minimum GVD at 1550 nm. GVD compensators are also
available.

PMD-Kerr compensation. In principle, it is possible that PMD and Kerr effect null one another. This requires to launch the appropriate
power into each polarization mode, for two power controllers are needed. Of course, this is incompatible with PM fibers.

Which is the most important effect? In the community of optical communications, PMD is considered the most significant effect. Yet,
this is related to the fact that excessive PMD increases the error rate and destroys the eye pattern of a channel. In the case of the
photonic oscillator, the signal is a pure sinusoid, with no symbol randomness.



Digital Electronics

Basic Noise Mechanisms

@-type noise x-type noise

comparator complex distribution

noise v(t) random delay
high v, full SR X(t) = Zi Xi(t)
SR >> noise SR and BW

* The @-type noise noise may show up or not, depending
on input noise and SR

* At the comparator out, the edges attain full SR and
bandwidth of the technology

* Complex distribution —> independent fluctuations add up
x@) =Yixi(t) and <x3(t)> = di <xi(t)>



Digital Electronics 20

Aliasing Mechanism

saturated analog gain

A Squarewave
clock

X\
Iy =
| | | | | i (7
5 i jitteriéng edge!;;, variam;:e 02=<;:x2(t)> 5 uS)s' %
= | sininput sin input
equivalent sampling function
input sampling frequency 29 — noise bandwidth B = 1
Flicker and slow noise types White noise
* Too low power at high * The variance o2 is independent
frequency of frequency
* No aliasing * Parseval theorem applies

02 = boB =boVvo

* Aliasing —> higher phase noise
at lower carrier frequency



Details in file DevicesComparison.doc

Phase noise at 1 Hz, dBrad?/Hz

The Volume Law!
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_100_ ............................................................................................. |
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Phase Noise In
Synthesizers and
Linear Time-Invariant Systems
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The Noise-Free Synthesizer

* The noise-free synthesizer propagates the jitter x (phase time)
* So, it scales the phase ¢ as N/D,
 and the phase spectrum S, as (N/D)?

« Sampling (digital circuits) is accounted for separately ] +O&»// //% &
* In dividers (N/D<<1), the output noise may hit R ——
* the thermal floor &

* the noise of the output stage

IN OUT
Sy B

real noiseless real

divider bufter
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Resonator Impulse Response
And a general method to solve

phase noise problems

[1 +£(t)] COS[w0t+\p(t)] resonator [1 +0((t)] COS[th+(p(t)]
\ |

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 Télaxation b(t) = le—t/T
step k at t=0, and linearize for k—0 time 0 T

0.8 1
B(s) = /T

cos[wot+(p(t)]
COS(w t) t resonator [1 +O((t)]COS(UJOt)

—-\ i g

<I> cos(wot+|<)
Ll L |< |b(t) dt

(1+ K)cos(wt) 00 05 10 15 20 25 30

file: ele nator-delta-



LTI Systems —> Transfer Function

e—ST mixer
D;(s) D, (s) k\ : VO(S)=k(p(I)O(S)
o y ; 0
I
______________ 1012 ]
- H, G
Dy(s) = (1-e ) Di(s) ' ] T i
~ sT® for st<«<1 10 ; 10 GHZ, 10 S
103 }
H, G2
10—3§ . —— N R
i i 10° 104 10° 106
* The effect of a delay line is shown frequency (Hz)

* All signals are the Laplace transform of the phase
in the actual circuit

* This pattern is useful for the synchronization in
the presence of a delay



The Leeson Effect

Phase Noise and Frequency Stability in
Oscillators
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E. Rubiola & R. Brendel, arXiv:1004.5539v1, [physics.ins-det] 27
E. Rubiola, Phase Noise and Frequency Stability in Oscillators, Cambridge 2008-2012

Low-Pass Representation of AM-PM Noise

____________________ ~
| [1+(t)] cos[wgt+(t)] |

real amplifier

______________

A noise " TTTTTTTTTT T TS 3 """
1 Bk AN ‘> comgra:s‘sion E RF, uwaves

or optics
________________ resonator
2 : N,
low-pass equivalent
r / SEEY \ N
PM AM

w(t) < ¥(s) o(t) < D(s) £(t) 1
S N u[ v, QYo Al
O—O—>—— | |&-O——
low-pass gain fluctuat. \"---s-a;Jr-a-ti-o-n--‘-
"b(t) & B(s) n(t) < Ns) o~
low-pass i .
b(t) & B(s) .1 u,
g Leeson Effect ) | extension of the LE to AM noise |
The amplifier The amplifier
- “copies” the input phase to the out — compresses the amplitude

— adds phase noise — adds amplitude noise


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

phase-noise transfer function

-

W(t) < ¥(s)

noisy amplifier

Q(t) & D(s) H(s) = ig definition
B>

i general

H(S ) E= feedback

4 low-pass

~ 1+ AB(S) theory

—-| b(t) & B(Ss) F—
I;\[B(s) AmERE 11 H(s) = Lkl Leeson

_ resonator s+ 1/7 ST effect
W(t) < ¥(s) @(t) < (s)
<: ::>7 (z/ b ? e complexplane transfer function

low-pass

Vi

i) gl eGP

| ‘ T =2Qw,
file: ele-PM-scheme

2 _T_—W
relaxation time

L, 1/f? [fL:Q%]
—?/7' ° /fo

]
' >

fi f




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

and frequency stability in oscillators, © Cambridge University Press

29

Miteq D210B, 10 GHz DRO

Phase noise of the 10 GHz DRO Miteq D210B

7 S (f) dBradz/HZ ! : Digitized spectrum

103 104 ' 103 106
: Fourier frequency, Hz

107

f =70kHz f, =4.3MHz

« kTo = 4x102' W/Hz (-174 dBm/Hz)

From the table

= ho/2T+2In(2)N-1
ho = b_2/V?0
h-1 = b-3/V%

 floor -146 dBrad?/Hz, guess F = 1.25 (1 dB) => Po = 2 yW (-27 dBm)

e fL=4.3MHz, fL=vo/2Q => Q=1160

* fc =70 kHz, b-1/f =bo => b-1 = 1.8x1071° (-98 dBrad?/Hz) [sust.ampili]
* ho =7.9x10%2 and h-1 =5x10'7 => oy, = 2x1011/Jt + 8.3x10°



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

Example - Oscilloqguartz 8607

So(f) dBrad?/Hz

_67 E. Rub.iolla—Plhasz: p(l)is:: a:nld If:equency ;tabilitly inI oslcilllazol{rsI| ) AR e L
Cambridge Universi ty Press 2()|()8 — ISBN 978-0-521-88677-2 O S CIHOqu artz OCXO 8607
1 5 MHz OCXO
_87 | Courtesy of Oscilloquartz SA, comments of E. Rubiola | 1

|
| (b_3), = —128.5dBrad?/Hz
“f; =1.6H

f; =1.25Hz <= Q=2x106?
AT I I 1T rrren I

127 oA S ooy 0=7.9x105

LU
(b_)o=—132. 5dBrad?/Hz

1 1111l |

by=~153dBrad*/Hz

- A Lyl 1

T \ 1
_ 1 67 File: 605—o0sa— 8607-mo d(b l)osc_ - 1 3 8 5 dBradlez | |
1 10 102 103 104 103 100
Fourier frequency, Hz
F=1dB b => P;=—20 dBm (b_s)osc => 0,=8.8x10-14, Q=7.8x105 (too low)

Q=2x10¢ = 0,=3.5x10-% Leeson (too low)
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Phase noise and frequency stability in oscillators

Cambridge University Press, 2008 Simplified Chinese, 2014
ISBN 978-0-521-88677-2, 978-0-521-15328-7, 978-1-139-23940-0 ISBN 978-7-03-041231-7

THE CAMBRIDGE RF AND MICROWAVE ENGINEERING SERIES
CAMBRIDGE

AR S

Phase Noise and Frequency Stability
in Oscillators

(Z&] Enrico Rubiola
g HKE FFE i F

Enrico Rubiola

Phase Noise and
Frequency Stability
in Oscillators

IR 4 A ﬁ _ﬁﬁ\ ’l:
Appendix: E. Rubiola & R. Brendel, t % i

arXiv:1004.5539v1, [physics.ins-det]



http://arxiv.org/abs/1004.5539v1
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Noise Tradeoff in Oscillators

resonator
instability
‘ $

oscillator noise
i

Power

noise ofjelectronic circuits

: /
f= VOEZQ f

>




Thermal Compensation — Examples

Dick & al, Proc IFCS 2005

32 GHz VCSO Resonator

sapphire
!lements Silver

Thermo-mechanical

Previous “40K CSO”

16 GHz Resonator

! Spacer

(0.677) Support rod

JPL Sapphire (J.Dick)
Derived from the old Lampkin oscillator

Natural — Refraction index

Savchenkov & al, JOSAB 24(12), 2007
ng-1.37191

=

176 °C

ng-1.38341

1 i 1

0 40 80 120 160 200

Temperature (C)

MgF2 whispering gallery (A. Savchenkov)

Paramagnetic

Pu
/\ ’19 (:rlﬂSlz;[

Cr3+

doped

turning
point

—

Sapphire Cr3+ impurities @ 6K (V.Giordano / M.Tobar)
Also rutile/sapphire compound @ 80 K (V.Giordano)

Natural - Thermal expansion

" 300

Lyon & al, J Appl Phys 48(3), 1977
250

200 r

1+0.2

SEE INSET

3y 1-02

-50 £ _ I 1 s 1 L 1 1 1
0 50 100 150 200 250 300 350 400
T, (K)

Semiconductor-grade Si @ 124 K (PTB)
@ 17 K (In progress)

And also natural, elastic constant (quartz) Kessler & al, ArXiv 1112.3854, 2012



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

The Pound Scheme

________________

wn = hatural (resonant) frequency

34

wo = oscillation frequency U Vni
output | Q:
-------------------- JSsEiiduddusdidaARREsY I ;
phase-modulated oscillator 50 A
VCO

_______________________________________________

control

SJFVO

———————————————

_______________________________________________

detector

detector
H@ =g

( The error signal is proportional to the frequency error

Ve = D(wg — wp)
\_

~




35

Null Measurement of Im(I')

Z X * Absolute measurements rely on the
o O -
.~ ‘“brute force” of instrument accuracy

. rely on the

difference of two nearly equal
quantities, something like g2—qs.

However similar, this is not our case!

m * Null measurements rely on the
AA
—/

measurement of a quantity as
close as possible to zero -
ideally zero.

@ * The Pound scheme

detects

* Null of Im(I'(w))

* AC regime, after
down-converting to Q

J
0 J
Re(V*) ‘ 1 L
incident —J; 5 5
Im(V™) : :
wo-g-Q Wo wog-l-Q
Im(I)

Re(IN)

n
Re(V") t"1 =0 o
reflected l —J
Im(V ") ' = o
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Cryogenic Sapphire Oscillator

le—15

le—16 [

&=

9.995 GHz

o=

9.988 GHz

Oasx

9.987 GHz

| i | | i

10000 100000

1000
Integration Time (s)

10 100




Selected Oscillators’ Personalit{}?

* Quartz
 Small, reliable, >25y MTBF

* 5 MHz: High floor (-155 dBc) and
high stability 1E-11 at 1 day, 1E-13 ADEYV floor

* 100 MHz: Low floor (-180 dBc), fair stability

* YIG (10 GH2)

* Low noise at high frequency (-160 dBc), but unstable
* DRO (10 GH2)
* Low noise at high frequency (-160 dBc)
* No inherent thermal compensation
» Sapphire (10 GHz2)
« 300 K: Q=2E5, TC=70ppm/K, low floor (-180 dBc)
« =77 K: Q=3E7, TC=few-ppm/K, low floor (-180 dBc)
5K Q>1E9, TC=0,
* w/o Pound control: Low floor (-180 dBc possible)
 with Pound: <1E-15 at 1 s, parts-E-16, 2E-15at 1 d



Measurement Methods
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Double Balanced Mixer

saturated multiplier => phase-to-voltage detector vo(t) = ke @(t)

LOW-NOLS
OFA

1 - Power sin(wot) Z(t]

narrow power range.
+5 dB around Pnom = 7-13 dBm mixer background noise

r(t) and s(t) should have ~ same P

Kill 2wo

mixer 1/f noise

2 - Flicker noise -120
due to the mixer internal diodes T rc:.p-amp
typical Sy = -140 dBrad?/Hzat 1Hz % ' i) hnn
in average-good conditions % an
3 - Low gain -
ke ~ 0.2-0.3 V/rad typ. & 1801
~10 to -14 dBV/rad i '
—200 , : : : , , >
4 — White noise <=> operational amplifier 1 10 10® 10° 10* 10° 10°
5 — Takes in noise <=> power-to-offset frequency, Hz

conversion
6 — High sensitivity to 50 Hz magnetic field

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

two-port device under test

—»| DUT
.

N\)—

X A

/quadrature adjust

QR

| FFT

the measurement of an amplifier

needs an attenuator

uT
—»| atten >

X A

/quadrature adjust

(N\)—

measure two oscillators

QR

undertest €st use a tight loop

O
reference

A phase lock

X

| FFT

FFT

a pair of two-port devices

3 dB improved sensitivity

—»| DUT

— X
—» DUT 7L4
quadr. ad;.

2
'

FFT

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

| atten H DUT

®__

X

X

"%

A

/quadrature adjust

FFT

measure an oscillator vs. a resonator

under test > reference
resonator V
bl A
/quadr. ad,.

FFT




1

Opto-Electronic Discriminator ;

Rubiola, Salik, Huang, Yu, Maleki, JOSA-B 22(5) p.987—997 (2005)

B LD s Laplace transforms

X (0.2-20 km) Bresor
laser
o som o (2000 D = I
1.55 um _’Ed;d_l Ry 20-40 Vo(V (I)(s) i HSO (S)q)’l (8)
100 (calib.) dB out s
micrtowave mW n;\(;v X} ~ %ET&’ ‘Hgo(f)P = 4sin’ (ﬂ-fT)
<
el N =0 P 52 dB
| _ — 90° adjust
power ampli Qeq — MTVgT 5
The short arm can be a microwave cable or a photonic channel Sy (f) I ’Hy (f) ’ SSO ( (5)
42
7 0O . 2
Laplace transforms ‘Hy(f” — 72 sin”(m f7)
e—ST mixer
D;(s) @, (s) ’k VO(S)zk(pq)o(S) 1012
o !
. [H, (D)2
______________ 10° y mﬂw
o (s) = (1-675%) Dy(s) s ]
e delay —> frequency-to-phase conversion . 3 10 GHz, 10 ps
e works at any frequency H, G52
* long delay (microseconds) is necessary for high sensitivity > EE/YWWM
* the delay line must be an optical fiber 103 | bl

fiber: attenuation 0.2 dB/km, thermal coeff. 6.8 10°/K 103 104 105 106
cable: attenuation 0.8 dB/m. thermal coeff. ~ 10-3/K frequency (Hz)



VCO

Cross Spectrum Method

a

synth

REF A
DUT

@‘V\v

LO

LNA A, B = instrument background

_D.L C = DUT noise

Channel1i X=C-A
Channel2 Y=C-B

A, B, C are independent

LNA

2-channel
FFT analyzer

synth

PLL

Re{ } and Im{ } are independent

Normalization: in 1 Hz bandwidth var{A} = var{B} = 1, var{C}=k?
var{A’} = var{A”} = var{B’} = var{B”} = 1/2, and var{C’} = var{C”} = k?/2

Cross
spectrum

Sy ) m

LYX"), = (7 +iY") x (X = iX")),

Use

X=(C"+iC"y— (A" +iA") and Y =(C'"+iC")— (B +iB")

Split Syx into
three sets

Sy )m

<Sy$>m {instr + <Sy$>m ‘mixed + <Sy33>m |DUT

background background DUT noise
only and DUT noise only
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Syx with correlated term k0 (2)4

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

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

Real B A’ 77 ATT é IVall y 5 IVall 7 77
R{(Sye)m ) = 7 {[ +BA o+ B EBCN +A AT+ (EF T,
[ | l I
avg 0/ : | an—O : || avg = k2
var=1/4 ' ! var=k2/4 | I var = k4
0| [avg =0 —o| [
avg =0| |avg = avg = avg = K2
Z avg = 0, var = (1+2k?)/2m ) |var = k%/m

Imaginary
S {(Sye), V=L {KB’;A’ +BA"),J+(B"C = B;C”>m]+ @”(J” —A"0 )
avg=0 - : : - avg=0 - :
var=1/4 I I var=Kk2/4 I
v 4
avg=0 lavg=0 avg =0
[ avg = 0, var = (1+2k2)/2m )

.

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



10 +—+—+—+—+——+————f—————f—————
1 8=0.32
)
1 i i
i 7] il
O Sea 1 ll' |
0.01 + 1
0.001 Iy Sequency
0 50 100 150 200
10 +—+—+—+—+——+—+—+———————f————
m=16 g=0.32 !
b i
ars
0.1 ISkl .
0.01 :
0.001 vy, frequency |
0 50 100 150 200
10 +—+———F—————F—+————F————
m=256 g=0.32

0.017

0.001
0

_ frequency |
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m=2 g=0.32
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0.01 T 1
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0'01_22_ T
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10 +———————————————————
I m=512 g=0.32
LISxxl . “
Ly I 1
0.11
0.017
0.001 + &+t frequency |
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m=4 g=0.32
|
1
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017 "Sefl
0.01 T o
O 001 i N N N N 1 N N N + | + + .fr.equency
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Ay
0.1 i| "l‘_ ' ' I “'v N
0.01 -
0.001 e SroQueney |
50 100 150 200
10 +———————————————————
1 m=1024 g=0.32
1 ISxxI i i

_ frequency |

50 100

150

200

Measurement (Cz0), [Syx|

A4

10 +—+—+———"—"F—+—+—+———————f————
I m=8 g=0.32
TAS
1':_ )
= ="H — ==
0-177Sc i A
0.01 T i
0.001 | N I fr?q“ency
0 50 100 150 200
10 ]
1 m=128 g=0.32
LISt e

0.1 JERT ‘ ‘_ l '
Raiaiis

001+
0.001 . frequency
' 50 100 150 200
1 1 : " " : "
’ ay ISyxI
° el'age
e ®
(d
°® 2 ® o
0.11 ® .
. °
TV intiog
| file spectra—seq~11-1024-0316-absSyx
0.01 E.Rl:lblola:, apr 2:0(?8 — :
1 10 100

Running the measurement, m increases

Sxx shrinks => better confidence level

Syx decreases => higher single-channel noise rejection



The DUT AM noise is correlated

Power fluctuation AP —> AVs

AM noise Sq(f) —> Sv(f), interpreted as Se(f)

. -
< 9
c >
C ©
S

(4v)
-
AN LL

LL

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



Radiometry & Johnson thermometr;/6

4 )

correlation and anti-correlation
A o X=1(+B
T 0
Q
- Syx =K(T,—T;)/2
. % B S| vy=./-x
.
1 =
\_ Y,
e ; ~
noise comparator
b AMPLIFIER
S A
0
8 2
A 8
Z 0 _
$ 9 SOURCE WAVEGUIDE | fopumoE NULL
= ; v [ JUNCTION [ Bg%gxgﬂgggggr y MULTIPLIER [INTEGRATOR F—, oo
B o
= QA
E ™M
s
O AMPLIFIER
B
_ P,

C. M. Allred, A precision noise spectral density comparator, J. Res. NBS 66C no.4 p.323-330, Oct-Dec 1962



Bridge (Interferometric) Method

V0 cos(wot) pump
D AT e

I
I
! I
] (microwave) | t
woria  Pridge hybrid error amplifier < g > > x(t)
2 : AM noise
I
|
|

FFT

junction junction
—o0° —o 1 A(t I
20 DUT 20 ® D—pcoherent
0o 0o || detector = y(t)
dark 0° oo Z(t) I ~ PM noise

% A A % T
—90° T —00°
null

phase & ampl.
adjustment x(t) cos(wgt) — y(t) sin(wyt)

File: bridge

» Carrier suppression => the error amplifier cannot flicker: it does know wo
* High gain, due to the (microwave) error amplifier
* Low noise floor => the noise figure of the (microwave) error amplifier

* High immunity to the low-frequency magnetic fields due to the microwave
amplification before detecting

* Rejection of the master oscillator’s noise
* Detection is a scalar product => signal-processing techniques

Derives from H. Sann, MTT 16(9) 1968, and F. Labaar, Microwaves 21(3) 1982
Later, E. lvanov, MTT 46(10) oct 1998, and Rubiola, RSI 70(1) jan 1999
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Example of results

Background noise of the fixed-value bridge

~160.5
| So(f),

Noise of a by-step attenuator

Py=14.1 dBm
avg 92 spectra
two rf chann.
arm la, 1b
angle uncal.

100k

ef

]!
[ I

| whet [ ]
I it

|
[
[

Fourier frequency, Hz

L

1K

kyTy/Py=—188.1 dB[rad?]
(]

Z=lnegier o
nuunumum.m C_8_|__ -

|||||||| Sol-$|---4-1 —
........... ¥ | |4 __
el iats Sl i o e e lxmmm

T
|
l
P
i
(B
[N
1T
[
oA
[N

Py=13.8dBm
avg 351 spectr.
two rf chann.
arm la, 1b
angle uncal.

10K

100

10

100

Noise of a pair of HH-109 hybrid junctions

So(),

-170.5

T"

two rf chann.
t arm la, 1b

avg 32k spectra]
1/Hz—

Py=14.1 dBm

angle IUIIICEIII;

I
!
I
|
I

1
!
I
I
l

|
|
|
I
1

|
|
[
I
!

!

quency, Hz

it
[

T T TTTT

dBrad?/Hz single-arm

f)

(

P

S

1 dB[rad?

'
el e e e e e B

1 1
1 Fourier fre

Background noise of the fixed-value bridge

210.5

100k

Py=17.7dBm
two rf chann.
arm la, 1b
angle uncal.

Fourier frequency, Hz

|

|

|
[RRN]

EERN
|

dBrad?/Hz

instrument noise
rrint
INEE!

-167.3

100k

10Kk

100

100 1k 10K

10

Averaged spectra must be smooth
Average on m spectra: confidence of a point improves by O(1/m'/?)

interchange ensemble with frequency: smoothness O(1/m'/3)



A Final Word

* Review of PM noise and frequency (in)stability
* What happens in components
* Oscillators, how they work...
* Instruments,
* Questions are still open
* Correlation does not do what it promises

* Available here Thu morning and Fri all day
* Most of my stuff is on my web page

* Challenging questions are welcome at any time

enrico@rubiola.org

home page http://rubiola.org
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http://arxiv.org/abs/physics/0602110
mailto:enrico@rubiola.org

