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Phase noise & friends



Clock signal affected by noise

Time Domain Phasor Representation
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polar coordinates v(t) = Vo [1 + «at)] cos [wot + ¢(1)]
Cartesian coordinates  v(t) = Vjy coswpt 4+ n(t) coswot — ns(t) sin wot
under low noise approximation It holds that
et s (1
ne.(t)| < Vo and |ns(t)| < W at) = () and () = (1)
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Physical quantities

v(t) = Vo [1 + a(t)] cos [2mvot + o(t)]

Allow @(t) to exceed 1 and count the number of turns,
so that ¢(t) describes the clock fluctuation in full

radian (Av)(t) = 217T dS;(ft) Hertz
phase noise [ go(t) J < > [( JAN y) (t)J fiLecg::\;‘i?r,\
A A
o= L y(t) = - (Av) (D
v \4
dx(t)

hase-ti y(t) = dt fractional-
Aucts |me[ LE(t) J i > [ y(t) J frequency

I B, fluctuation

second dimensionless




Phase noise & friends

u(t) = Vp [+ a(t)] cos [2mvot + 9(1)] ¢

random phase fluctuation
Se(f) = PSD of ¢(1)

power spectral density

it 1s measured as
Sgp(f) — %E {®(f)P"(f)} (expectation)
So(f) = 7 (2(£)2*(f)),n

A

(average)

£(f) = 55,(f) dBc 5,
random fractional-frequency fluctuation
=22 o s-Lem
V

Allan variance o} ()

(two-sample wavelet-like variance)

o (7) :E{%[ykﬂ —ykr}

approaches a half-octave bandpass filter (for white noise),
hence it converges even with processes steeper than 1/f

- -~

) *random walk freq.

bt

:}rnal sources only

both signal sources
and two-port devices

flicker freq.

white freq./

_______________ flicker phase.
b f1 \
: = white phase bO
| NSRS ~f
|
: x 2/ V(%
|
|
|
—2
h_,f v
random white phase
walk freq. \x\
i "I
7 flicker freq. flicker phase /
( : \ /
‘-‘\’ // Whlt? freq. i )z £
T ! ; bl
~. \--\. //‘ -
U 11\ it
\\ /'{'-/_ '/\_./\
NS N
~ N J
%,,/ /’/\ N X ‘\‘ /
/ T “\‘ /
; K \\ / freq.
flicker phase ) \ drift
white phase 4 y
) flicker freq. random walk freq.
white freq. 2m)?
hy 27 2In(2)h _, 6 h_,t <




10

Flicker never diverges in practice

P=/ab5(f)df

b
P:/Edf:h_llné
o f a

1/a = 1E9 s (30 years)
b = 500 THz (visible)
logz(b/a) = 79 (bits)
In(b/a) = 54.6 (17.4 dB)

1/a = 85400 s (day)

b = 200 GHz (electronics)
logz(b/a) = 54 (bits)
In(b/a) = 37.4 (15.7 dB)

b/a = 1E6
logz(b/a) = 20 (bits)
In(b/a) = 13.8 (11.4 dB)

b/a =10 (1 decade)
In(b/a) = 2.3 (3.6 dB)

1/a = 3600 s (1h)

b =2 GHz (max ADC speed)
logz(b/a) = 42 (bits)

In(b/a) = 29.6 (14.7 dB)

1/a = 1E18 s (universe lifetime)
1/b = 1E-44 s (Planck time)
log2a(b/a) = 200 (bits)

In(b/a) = 143 (21.5 dB)



definition

wavelet-like
variance

energy

WA = {

11

Allan variance

=00
Blua)= [ wi()dt=~

_E O<t<’7’
ﬁ T < 2T
L0 elsewhere

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



Relationships between spectra and variances

noise
type Se(f) Sy(f) S < Sy 05(7') mod 05(7‘)
hit b LS 3foh
white 0 2 HToN2 _
b ho f2 = (2m) 3
PM 0 2f 2 ]/3 (27‘(‘)2 T
2T fr>1
flicker |y f1 | has | b= P2l | [L038+3@nfyr)] mk 2| 0084MTT
2y T 1 Y | T (2m)? n>>1
white _9 b_2 1 ] 1 ]
FM b_gf ho ho = I/—g 5]20 T Zho i
flicker - . b_s 97
FM b_gf h_lf h_l — V—g 21n(2) h_l % ln(2) h_l
random 4 _9 b_4 (2m)? (2m)*
walk FM b_sf h—of ho= V—g 6 h_oT 0.824 ; h_oT
1 1
linear frequency drift y 5 ()% 72 - ()2 72

fm is the high cutoff frequency, needed for the noise power to be finite.




Jitter

e Convert phase noise PSD into time-fluctuation PSD
* Integrate over the suitable bandwidth
o Jitter bandwidth:

e lower limit is set by the “size” of the system

e upper limit is set by the circuit bandwidth
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b-1/f is replaced with h_1/f because the
Allan variance formulae are written with h_4

N
h
Iz
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Mechanical stability

1018 rad?/Hz @ 1 Hz

4.5x1 O'12 m

T

-

Any phase fluctuation can be

converted into length fluctuation
QG

b-1 = =180 dBrad?/Hz and vo = 10 GHz is equivalent to
SL=1.46x1023m?/Hz atf=1 Hz

Any flicker spectrum h_1/f can be
converted into a flat Allan variance

07 =2In(2) h_;

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

02=2x1022m?2 thus 0 =4.5x10"2m

for reference, the Bohr radius of the electronis R = 0.529 A

e Don’t think “this is just engineering” !!!

e Learn from non-optical microscopy (bulk matter, 5x10-'* m)
e Careful DC section (capacitance and piezoelectricity)

* The best advice is to be at least paranoiac



Saturated mixer
& calibration

Need only basic knowledge because commercial equipment does all the job
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Double-balanced mixer

phase-to-voltage detector vo(t) = ke @(t), ke = 100...500 mV/rad

1 - Power

A(h)

”(t) kill 2vo

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

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

2 — Flicker noise

due to the mixer internal diodes
typical Sy = -140 dBrad2/Hz at 1 Hz
In average-good conditions

3 — Low gain

ko ~ 0.2-0.3 V/rad typ.

mixer 1/f noise
-120

op-amp

140 white noise

—160 A

—180 -

Sa(f), dBrad?/Hz

~10 to —14 dBV/rad 00

4 — White noise

due to the operational amplifier

frequency, Hz

5 — Takes in AM noise
due to the residual power-to-offset

conversion

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

two-port device under test

—» DUT
TV

(\)—

X A

/quadrature adjust

FFT

the measurement of an amplifier

needs an attenuator

UuT
—»| atten >

X A

/quadrature adjust

(\)y—

measure two oscillators

X

under test €St use a tight loop

—>
reference G i)

A phase lock

X

| FFT

FFT

(\)—

a pair of two-port devices

3 dB improved sensitivity

®-

—»| DUT

the measurement of a low-power DUT

—»| DUT 7L4
quadr. ad;.

<

FFT

needs an amplifier, which flickers

_>

@.

atten H DUT

X

%

\

/quadrature adjust

X

FFT

measure an oscillator vs. a resonator

under test

(\)y—

M reference
resonator V
Pl A
/quadr. adj.

X

FFT
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Calibration - general procedure

1 — adjust for proper operation: driving power and quadrature

dur i
Ol 2 0 ke
Ed

2 — measure the mixer gain ko (volts/rad) —> next

3 — measure the residual noise of the instrument
ﬁmruﬂ DUt

@—é& E1- [Fer]
=

4 — measure the rejection of the oscillator noise

~ \ [E]-[Fer

Make sure that the power and the quadrature
are the same during all the calibration process

18
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Calibration methods

* Send to the mixer two signals with small frequency

difference Av using two synthesizers driven by the
same oscillator

* read the gain on the oscilloscope using Aw = dp/dt
* suggested, Av = 159 Hz (1 krad/s)

* Add a sideband to the DUT signal, powers Ps and Po
* phase modulation @ms = (Ps/2Po)'/2
» amplitude modulation cms = (Ps/2Pg) 12

* Use a reference phase modulator, calibrated with a
network analyzer

For precision measurements (<2 dB), be aware of the pollution from AM, which is
not the same for DUT and calibration, and also depends on the calibration method



AM-PM noise in amplifier
and other devices

20



AM-PM noise types

| AM-PM noise

)
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around v
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| environmental | | internal | enwronmental | mternal
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The difference between additive
and parametric noise

PSD

file: amp-add-vs-param

additive noise

U(t) noise-free V(t)
| -
' (Z) amplifier "
output

RF noise,
close to v,
’I

_______

|
l
I
/

Sv(f)

(output)

PSD

sum
e

- o) e o ar a» ) E» G E a e (4

----—

+ A" ----- v
passband stopban?
Yo

the noise sidebands are
independent of the carrier

~

-

u(t)

input

[ W—

parametric noise

v(t)

noise-free

AM s
amplifier

PM

output

X (1)

y(t)

vV
0
the noise sidebands are
proportional to the carrier

_J
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Noise figure

it P SNR(out)
oise figure ~ SNR(im)

general definition

_J

kTO"'ﬁIe:amp-F (F S 1)kTO

Assume that the whole circuit is at the reference temperature TO =290 K (17 °C)

The total noise referred to the amplifier input is FkTo

amplifiers Fkly, = kKI. = k(T,+1Ty) To =290 K
and RF/uw T e
devices o a; 0 S T, = (F — 1)T,

0

Warning: the noise figure is a radio-engineer concept, can be misleading in optics

23
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Amplifier white phase noise

Noise is equally split between
AM and PM

PM (rms)
Vusb () = 14/ N.B/2 e?™/?

| vlsb(t) = —Z\/NGB/Q AW 2 U

®p = 2+/(2N B/2P)

Ums = ‘/(NeB/PO)

= AM (rms)
®rms = V(NB/P,)
rms e : Uebi) =B e
V(N_B/2) fUle(t) — \/ N_B /2 o127 ft
X, v/P
a, = 2v/(2N_B/2P) k""'pb""" - - -
V(N_B/2) | Normalize on B

Ne
S@(f):?()a Sa(f):?()

\_ J

J(NeB/E)




Amplifier flicker noise

linear parametric model

S
Sw
o

-
-
SIS

: : R ai . . i
in the absence of a carrier close-in noise shows up only
the spectrum is white In the presence of the carrier
[iqternal} [no in_put}

0 input carrier
Nl noise output
o noise

: is white

| .
2 I\ I
e e e et v
; > >
> stopband passband stopband stopband passband stopband

Yo Yo
_J \_ _/
u(t) __ )
noise-free
: > |_I'w| P amplifier ‘ -
Input output
X(t)
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Amp

lifier flicker noise

4 - )
nonlinear complex model
internal internal
(=) input
n noise output
o hoise
is white
E . )
z SeAAA R
2 stopband passband stopband> stopband passband stopband
A% v
0 0
\_ W,
carrier near-dc noise
. __ Y/ twot / 7 the parametric nature
(% (t) _ Vt € TN (t) T (t) of |1 /f noise is hidden in
substitute

(careful, this hides the down-conversion)

| h 2
Vo(t) = a1v;(t) + asv; (t) + ...
non-linear (parametric) amplifier
expand and select the wo

terms
The noise sidebands are

o g / /! 1wt
Uo(t) T Vz{al + 202 [n (t) SRcL (t)] }6 ’ proportional to the input carrier

a(t)

get AM and PM noise

a9 /
=2 = n/(¢
aq ( )

The AM and the PM noise are

a2
p(t) =2 —n"(t)
a1 independent of Vi, thus of power
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Amplifier white and flicker noise

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

bO = N./Pq

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 Po - "»examples



keynote:/Users/rubiola/Documents/Articles/book-phase-noise/06-amplifiers.key?id=BGSlide-227
keynote:/Users/rubiola/Documents/Articles/book-phase-noise/06-amplifiers.key?id=BGSlide-227

The virtues of the error amplifier

vi(t) cpi CP2 / Vo (%)

.- PA ®
input (-& delay output

W
) vie(t) ve (t)
file: amp-error-principle / EA
delay CP3 error
- J

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

e 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
e v¢(t) is proportional to the PA noise sidebands

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

e feedback or feedforward correction schemes are possible

28



Noise In amplifier
networks & systems

Still not like how this section is organized

29



White noise In cascaded amplifiers

White noise is chiefly the noise of the first stage

KTy [(Fi—1)kT, (F,~1)kT, (F—1)kT,

v

“input F F, Fa output
s )
Ll (F2 - 1)k‘T0 | (Fg — 1)]6T() | Friis formulae
e T L1l T A2 ' A2 A2 SRR H. T. Friis, Proc. IRE 32
1 el p.419-422, jul 1944
(F2 - 1) (Fg = 1) Noise is chiefly that of
F = Fl | vy | A2 A2 ... the 1st stage
. 1 2] >
i b an FkTO white J
0= P, phase noise
- p
p F1kTg | (F2 — 1)kTy | (F3 — 1)KTy | Friis formula
O A2P, | A2 A2 P, ' for phase noise

\§ J




Parametric noise in cascaded amplifiers

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

noise-free |
amplifier |

noise-free |

v(t)

amplifier |

output

G=G1+02
@ =@+ @,

Flicker: the two amplifiers are independent

E{a*} = E{aj}

- E{¢*} =E{p1} + E{p3}

E{as}

Sa — Sal i Sa2
S — D1 T 1902

J

= (x1 1T (9

P = Y1 1 P2

" Environment: a single process drives the two amplifiers

E{ca?} = E{(aq + a2)?}
E{p®} = E{(¢1 + ¢2)*}

\ Yet there can be a time constant, not necessarily the same for the two devices

J
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Flicker noise In parallel amplifiers

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

7

.

input

Vi (1)

wm® [

| 1

m—way power divider

L

1 —

I q)

| =

! % output
Vi (V) ;3) Vol
e | { E—

>

| av]

I =

. |

| S
V(D
Y

\

J

e The phase flicker coefficient b-1 is about independent of power
* The flicker of a branch is not increased by splitting the input

power

e At the output,
e the carrier adds up coherently

e the phase noise adds up statistically
e Hence, the 1/f phase noise is reduced by a factor m
 Only the flicker noise can be reduced in this way

DRSS

1
m

[b_ 1 ] cell
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Parametric noise in regenerative amplifiers

R. Boudot, E. Rubiola, arXiv:1001.2047v1, Jan 2010. Submitt. IEEE Transact. MTT

.

e Short roundtrip time, vs. flicker
time frame

e Quasi-static analysis holds

e )
RF filter
Vin Vout
Ao
>, II> A =4 4 Ao
1 — ApfS
feedback 3 Am—1 _ 1
4C> /‘ /Lv 7. O = s
short delay . 5 Ape! 0 AT
file: amp-regen-sch ase a = " "
E P /] ampi. adj B
£ Se(f) [rad*Hz] — ’ A el? )
10_10 roun trlp: > 1 T Aoﬁ 6]¢
~10719 rad2/Hz | | carrier
(few rou:dtrips) | | A — Ao [1 4+ 1 wl .
10712 ' 10-16 | 1 —Aof 1 =-Ag0
bt [ 1
- . p(t) = »(?)
=) e el I B T i EEm sty
10 T T T T T T T '?s~i —P 1
1kHz 1MHz 1GHz




Baseband-feedback amplifier

main
amplifier output
Vo(D)
Pq phase A ) CP2 0°
mod m >
input WV
\a
v. (t) L ) LO
. 37! RF phase
CP1 7 detector
quadrature IF
adjust
file: le-corrected-ampli-principle.fig

error signal vy = k (@, — ;)

control

* The detector measures the phase @2 - (p1 across the main
amplifier plus phase modulator

* The control stabilizes g2 - ¢p1 = constant (virtual ground)
* The correction of AM noise is also possible in a similar way

34
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Frequency synthesis
The ideal noise-free frequency synthesizer repeats the input time jitter

w; = Wy T =27 /wy phase jitter input jitter
ot =~ output jitter

time jitter

n 9. .em:(st
W,

o(t) phase jitter

Uﬁ A A /\ po = g wudt
BS ERE N/ rm N b A RN

After division, the noise of the output buffer may After multiplication, the scaled-up phase noise sinks energy
be larger than the input-noise scaled down from the carrier. At m = 2.4, the carrier vanishes
IN , OUT o) BESSEL FUMCTIOKS
S (f) | X (1/dy) {>% I ()

noiseless real

divider buffer

pov- spect:
%};«;
g
—@' ;
— §
hgj‘?
®
L 3

SNERGT CORSERVATIOW

1) Jo(ﬂ\*iz NS ‘ J°(m>lm=u,:

R TONE ‘thcmwun‘mkumul. nas [fesn (> 2.4)

— “BeSSEL NuLL“ md\w.l ‘ot*h. Ao et
. input/d OJ the mceditation tacd e
Je f RANBOM MOBULATLON: the canioer vairishes .

(ound doer wor rea oe Wighu am
C ARRIER. "Z“wfmsé ‘



Saturation and sampling

C.cocoee R TR A3
s NN NN

>

Saturation is equivalent to reducing the gain

Digital circuits, for example, amplify (linearly)
only during the transitions
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Experiments
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Flicker noise of some amplifiers

R. Boudot, E. Rubiola, arXiv:1001.2047v1, Jan 2010. Submitt. IEEE Transact. MTT

Amplifier Frequency | Gain | Piggp F B b_1 (meas.)
(GHz) @B (dBm)E B bias (dBrad?/Hz)
AMLE12PNB1901 8 — 12 22 17 7 15V, 425 mA —122
AMIL4121.2001 4—12 20 10 2.9 15V, 100 mA —112.5
AML6121L.2201 6 — 12 22 10 2 15V, 100 mA —115.5
AMLKS12PNB2401 8 — 12 24 260 7 15V, 1.1A —119
AFS6 8—12 44 16 1.2 15V, 171 mA —105
D2 &—12 17.5 13.5 13 15V, 92mA —106
SiGe LPNT32 3.9 13 Il i 2V, 10mA —130
Avantek UTC573 | 0.01 — 0.5 | 14.5 13 3.9 15V, 100 mA —141.5
Avantek UTO512 | 0.005-0.5 21 8 2.9 15V, 23mA —137

38



S, dBrad/Hz

_dBrad’/Hz

S(P

39

-100

- P=—50dBm =} . Amplifier X-9.0-20H at 4.2 K
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R. Boudot, E. Rubiola, arXiv:1001.2047v1, Jan 2010. Submitt. IEEE Transact. MTT



Phase noise in cascaded amplifiers

R. Boudot, E. Rubiola, arXiv:1001.2047v1, Jan 2010. Submitt. IEEE Transact. MTT
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The expected flicker of
a cascade increases by:

3 dB, with 2 amplifiers
4.8 dB, with 3 amplifiers

White noise is limited by
the (small) input power



Phase noise in parallel amplifiers

R. Boudot, E. Rubiola, arXiv:1001.2047v1, Jan 2010. Submitt. IEEE Transact. MTT
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Connecting two amplifier in parallel, a
3 dB reduction of flicker is expected



Flicker noise In parallel amplifiers
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E. Rubiola, Phase Noise and Frequency Stability in Oscillators, Cambridge 2008, ISBN 978-0521-88677-2

—140
AMLSIZPNAO901 (100mA)
SHECEOERE : V/ & 'AML812PNB()801 (QOOmA) """" § """"""""
N AML812PNC0801 (400mA)
IS e e e e T R T e
~
o
<
= IIHINEEEEEERHERSNEERS
A .
o
o) f :
eilaar TEEAT TR ENCEN
= AML812PND0801 (SOOmA) / '
5 1 A O X T T e e e A
—
m ' ' ' '
—-170 i i i i
10! 102 10° 10* 10° 10°
| Fourier frequency, Hz
Specification of low phase-noise amplifiers (AML web page)
amplifier parameters phase noise vs. f, Hz
gain F bias  power 102 103 104 10°
AMLS&S12PNA0901 10 6.0 100 9 —145.0 —-150.0 —158.0 —159.0
AML812PNB0801 9 6.5 200 11 —147.5 —152.5 —-160.5 —161.5
AMLS&12PNC0801 8 6.5 400 13 —150.0 —-155.0 -—-163.0 —164.0
AML812PNDO08&01 8 6.5 800 15 —152.5 —157.5 —165.5 —166.5
unit dB dB mA  dBm dBrad?/Hz
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Environmental effects in RF amplifiers

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

40 \ \ 1 1 1 1 1 1
\ ArqplifitjrApkhase I:JgtiJﬁehtt Iww.feb — Noise Floor
courtesy or J. ACkermann s p//www.tebo.com
comments on noise are of E. Rubiola HP 5087A! SMHZ
80 TADD-1, 5SMHz
e Syt —— TADD-1, 10 MHz
pectracom
b_y =-113.5dB Spectracom 8140T, 10 MHz
-80 i i i
HP 5087A and b_4 is the 1/f noise coefficient
TADD-1 10 MHz
b_y =133 dB in dBrad>/Hz (dBc/Hz + 3 dB)
-100- :

dBc/Hz

[

""7uiiii|iiii|iiii

;

140 =R l\
m
/ _é o am B e . | -u...-i—ll'
background ES ALY TR i
-160 b_y=-142dB [ |
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b_q=-138.5dB I
-180 4 3 2 1 o 1 2 3 X~ _ .4 5
1x10 1x10 1x10° 1x10 1x10 1x10 1x10 1x10 1x10 1x10

Hertz
It is experimentally observed that the temperature
fluctuations cause a spectrum Sq(f) or Se(f) of the 1/f° type

Yet, at low frequencies the spectrum folds back to 1/f



VHF passive devices

E. Rubiola, V. Giordano, RSI 73(6) p.2445-2457, 2002
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Flicker noise of components
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device PM b-1 AM h_4 |frequency References and comments
Si bipolar HF-UHF amplifier -135... =145 5...1000 MHz (general experience)
SiGe HBT pywave 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)
pwave double-balanced mixer -110... =125 4...20 GHz (general experience)
pwave circulator (iso port) -170 -170 9.1 GHz Rubiola & al, IEEE T.UFFC 51(8) 957-963 (2004)
pwave 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)
pwave variable attenuator (absorber) -150 9.1 GHz Rubiola, Giordano, RSI 70(1) 220-225 (1999)
pwave line stretcher -150 100 MHz Rubiola, Giordano, RSI 70(1) 220-225 (1999)
pwave power detector (Schottky) ---- -120 10 GHz Grop, Rubiola, preliminary (in progress)
pwave photodetector -120 -120 10 GHz Rubiola & al, TMTT/JLT 54(2) 816-820 (2006)
2-4 km optical-fiber microwave ink <-110 10 GHz Volyanskiy & al, JOSAB 25(12) 2140-2150 (2008)




Photonic systems
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Opto-electronic delay line

intensity modulation P(t)

photocurrent

microwave power

total white noise

flicker phase noise
GaAs: b_1 ~-100 to —110 dBrad?/Hz, SiGe: b_ ~ —120 dBrad?/Hz

amplifier

laser : EOM

optics  microwaves

%_,AQC@I@D_,NR
Ak /AR A

= P(1 +mcosw,t)

i(t) = h—" P(1 4 m cosw,t) shotnoise N, —
1
2

P,=-m"Ry (Zn) P? thermal noise N;
1%
shot thermal
2 | hux 1 FkTy (R \° /[ 1\°
S0 =5 25 -5 T Iz
m n P Ry qn P

[
® photodetector b_1 = -120 dBrad?/Hz [Rubiola & al. MTT/JLT 54(2), feb. 2006
® (mixer b-1 =-120 dBrad?/Hz)

e the phase flicker coefficient b_1 is about independent of power

e in a cascade, (b-1)iot adds up, regardless of the device order

optical-fiber phase noise? still an experimental parameter
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Threshold power

S oAt o Suad: (hw>2 (l>2 holds for two detectors
0 m2 n P Ro qn P
S(pO (rad?/Hz)
10
£ F=2. m=0.1 threshold power
106 thermal # F=2.m=03 |
- $ F=2, m=1
£ ALt 5
1078 - Ro  q°n
threshold
10710 powgr
-12 F=2
10 : shot
10714 F=1 new high-power
- ! mixerand postdetect. ampli photodetectors 5-10 mW

1007 107 10 10*% 10 102?107}
optical power (W)
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Opto-electronic discriminator

Rubiola & al., JOSAB 22(5) p.987—997 (2005) - Volyanskiy & al., JOSAB 25(12) p.2140-2150 (2008)

BT 100 s Laplace transforms

phase

Takar X (0.2-20 km) detector
00 ™ &
Pr O T L L —) jm |
1.55 um T,=0 Ry 20-40 Vo(D) (p(S) T HSO(S)(I)Z(S)
100 (calib.) dB out T i
micowave|n %O EH Hy(f)? = 4sin®(n f7)
mput wrs S
| be =0 5 52 dB
| 1 —+ 90° adjust
power ampli Qeq — TTVgT -
The short arm can be a microwave cable or a photonic channel Sy (f) i ’Hy (f) | Sgo 7 (f)
42
2 0 _: 2
Laplace transforms ‘Hy(f)‘ B F sin” (7 f7)
INiimmmmm——— et
D;(s) D(s) ’k | Vo(s)zkcpq)o(s) 1012 -
Za | _
Dy (s) = (1-¢757) @ () | i

e delay —> frequency-to-phase conversion

. 10 GHz, 10 ps

e works at any frequency Hy G512
* long delay (microseconds) is necessary for high sensitivity 100 !/Wmm
e the delay line must be an optical fiber | b

1073
fiber: attenuation 0.2 dB/km, thermal coeff. 6.8 10°°/K 10 104 10° 106

cable: attenuation 0.8 dB/m, thermal coeff. ~ 10-3/K frequency (Hz)

sund tad




Photodetector 1/f noise

Rubiola, Salik, Yu, Maleki, MTT 54(2) p.816-820, Feb 2006
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DSC30-1k and HSD30
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Measurement of the optical-fiber noise

Volyanskiy & al., JOSAB 25(12) 2140-2150, Dec.2008. Also arXiv:0807.3494v1 [physics.optics] July 2008.

CATYV laser diode Intensity

A=1,31 pm modulator
> 1
2 km Dl
T Photodiode =AML
Att X @

10 dB
T’"

| F
@ ...... I —— Ampli RF F FFT Analyser
T (HP 3562A)
Reference ’_I T

oscilator Variable
phase /d),
l i 10 dB

(saphire)

A
Att
M oK D—-@ 5
2 km
p i AML
CATYV laser diode Intensity rhotodiode
A=1,31 pm modulator

¢ matching the delays, the oscillator phase noise cancels

¢ this scheme gives the total noise
2 x (ampli + fiber + photodiode + ampli) + mixer
thus it enables only to assess an upper bound of the fiber noise
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Measurement of the delay-line noise (2)

Volyanskiy & al., JOSAB 25(12) 2140-2150, Dec.2008. Also arXiv:0807.3494v1 [physics.optics] July 2008.

-80 ; T % 2 & % ool : oW B O o o ! R REEL ;
B §Resid_ual phase noise of optical lines, with saphir oscilator :

.| — s = ............ o ........... — ........... = = _

7, TS R XRE - SRR REN R N LR — et e

BB Bt B pbiar o sl ol e corsa o i v i B erans e

RSl RN IR ]

17 May 2007 200 Avg

e The method enables only to assess an upper bound of the delay-line
noise b_1 £ 5x10-2 rad?/Hz for L = 2 km (-113 dBrad?/Hz)

e We believe that this residual noise is the signature of the two GaAs
power amplifier that drives the MZ modulator
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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. A small fraction of the light intensity is thereby back-scattered one or more times, for it reaches the fiber end after a
stochastic to-and-fro path, which originates phase noise. In SM fibers at 1.55 um it contributes 0.15 dB/km to the optical loss.

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.



Cross-spectum
measurements
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Correlation measurements

O ™
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: | o \&/ .
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Boring exercises before playing a Steinway
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Power spectral density Sxx

X is white Gaussian noise

Take one frequency, S(f) -=> S. Same applies to all frequencies

-

Spectrum (S,.) =

white, Gaussian,
avg =0, var=1/2

T (XX,

= 7 (X' +1X") x (X' —1X"))
1
m

m

m

white, X2, with 2m degrees of freedom
avg =1,var =1/m

avyg

dev /1 the Sxx track on the
T

FFT-SA shrinks as 1/m1/2

Normalization: in 1 Hz bandwidth
var{X}=1, and var{X’}= var{X”}= 1/2
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Measurement of |Sxx]

10

0.1

001

0.001 +—+—+——
0

10

o .fr.e(

150

uency |
200

I ISxxl

0.1

001

freg

uency |

0.001 +—+———
0

10 -

50

100

150

200

I 1Sxx!

m=256

NANAANNALANAN A

0.1

001

freg

uency |

0.001 +————
0

50

100

150

200

0.14

001+

0.001 +—+———
0

10+

., frequency
150

200

v

v ‘AM‘MA‘-\A M

AAA
L iMAd

WVWENEyd

0.14

0017

frequency |

0.001 +—+———
0

50'”

100

150

200

10

I 1Sxxl

m=512

0.14

0017

__frequency

0.001 +————
0

50

100

150

200

FISxxl

0.14

001+

0.001
0

. frequency ]

200

10

0.14

0017

frequency |

0.001
0

.50. —

100

150

200

10

m=1024

0.14

0017

_frequency |

0.001
0

50

100

150

200

001

0.001
0

10

001+

0.001
0

10

0011

0.001
0

Running the measurement, m increases and
Sxx shrinks => better confidence level

99

0.17

. frequency |

m=128

0.17

frequency |

50

100

150

200

I Sourcexsp.m

L File spectrajeq—l 1-1024-
L E.Rubiola, mar 2010

0316—absSxx

0.17

_ frequency |

50

100

150

200



Syx with correlated term (1)

A, B = instrument background
C = DUT noise

channel1 X=A+C
channel2 Y=B+C

A, B, C are independent Gaussian noises
Re{ } and Im{ } are independent Gaussian noises

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
(Syz),, = =Y X*) = (Y +Y") x (X' —1X")),

Expand using
X = (A" +:14"7)+ (C" +:C7) and Y = (B +:1:B")+ (C"+:0")

Split Syx into three sets
<Sy$>m — <Sy33>m ‘instr + <Sy90>m ‘mixed T <Sy$>m |DUT

background background DUT noise
only and DUT noise only

... and work it out !!!
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Syx with correlated term kz0 (2)

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

Real var_1/2 var=1/2 vgr: K2/2 var=1/2 var_ K2/2 var= k?/2
o) - G e B e, G e (T

~
I ~ -’ I
\ ’

| ! ! ,
Bessel Ko, ; ; Bessel Ko, ; \ [ white, x?, 2 DF
avg=0. var=1/4 ' 4 avag=0. var=k?/4 ‘ i avd = K2 var = k*
Gaussian, Gaussian, Gaussian, white, x2
avag =0, var =1/2m| |avg =0, var = k?/2m| |ava = 0, var = kK3/2m| | 2m deg. of freedom
Z Set 427 Gaussian, avg =0, var = (1+2k?)/2m ] avg = K2, var = k*/m
Set G
(o}
£
= o o
Imaginary g >
(S} =+ (B4 + B+ (B7C =B, )+ [CTA = CA7),) i
1 1 ~ 1 (o <))
l’ / I I \\‘~ \\\ ,'/ /,, I Z$
Bessel Ko, : : Bessel Ko, :
ava =0, var=1/4 * * avq = 0, var = k?/4 *
Gaussian, Gaussian, Gaussian,
avg = 0. var = 1/2m| |avg =0, var = k?/2m| |avg = 0, var = Kk3/2m
(Set A Gaussian, 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”} = k2/2 Re{ } and Im{ } are independent Gaussian noises



Expand Syx

Sye = 7 E{A +1B + €}

e,Q% g B/A/ —I_ B//A// _|_B/C/ _I_ BNC” _|_ C/A/ _|_ C//A//

Bessel Ko, _____._

avg=0, var=1/4 = B"A' + B'A" + B'C' — B'C" + C"A' — C'A""

/2 12
¢ =0C"7"+C""+--_._ white, x2 2 DF
avg = K2, var = k*

~ Bessel Ko,
avg=0, var=k?/4

After averaging, the Bessel Ky distribution
turns into a Gaussian distribution (central limit theorem)

term K \Y% PDF comment
1+ 2K2
(o TEITT0 —|2_ 4 Gauss | average (sum) of zero-mean
m
R
(#B),. | 0 ; di Gauss | Gaussian processes
m
(€). | k2| K*/m e average (sum) of
v = 2m | chi-square processes
<C65>m k2 | Kk*/m Gauss | approximates (¢) = for large m

Normalization: in 1 Hz bandwidth var{A} = var{B} = 1, var{C}=k2
var{A’} = var{A”} = var{B’} = var{B”} = 1/2, and var{C’} = var{C”} = k2?/2



The concept of ergodicity

File: xsp-ergodicity-3d

100

Ergodicity allows to interchange time statistics and ensemble statistics,
thus the running index i of the sequence and the frequency f.
The average and the deviation calculated on the frequency axis are the
same as the average and the deviation of the time series.
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Example:
Measurement of |Syx|

0.01

u—3.21dB

0.00] +——"F—"+—"F+—+—+—+——+—+—+—+—+—+—+—+—F—+—+—
0 20 40 60 8 100 120 140 160 180 200

frequency
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Measurement (Cz0), |Re{Syx}]|

10 ..................... 10 .................... 10 f — 10 o

0.01 0.01 0.01 ' [ 0.01 | ' o

__frequency | __frequency) | __frequency |

frequency | 1 1 1
I e e e ! 0.001 +—+——— 0.001 +—+—+—— 0.001 +——+—+—+H———

0.001 4 — T — — ;
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

10 +—+—+—+——F+—+——— 10 +—+——+———+—+—+—
I m=32 g=0.32 I m=64 g=0.32

[ 1 TLdSxx! , 1 LASXxI N , ] 1 ISxx| [
1 | M Wﬂfﬁf\f M%%? 1 ?M' 4 V'VMH"‘M"V‘M'“A'VA"%W%? 1 ::A'A.SV_X. A ‘.v A4 'n'.AAVA F 'A A, "vhw AN :,: 1 ::.. e S N v 1 :
il bikersirtt | I I I R ——
0.1 - 0.1 A % - 011 | 0.14 ' f
| |

T I 1T T | ] i
] v [T 1 | ! T ™ ' T ' ' 1 = T [
T 0.017% ' ' l I 0.01 1 [ I 0.017

10 10:::::'::::

0.01 4 l

frequency |

[ frequency | 1 1
0.001 ++—+——————— 0.001 +———————————— 0.001 ++———————————
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

10 +—+—+——+——+—+—+————————————t 10

+——+—— —t—t—t ——t—+ ——+—+—F +——+——+ —t—t—t —t—t—t ——+—+—1 1+ + —t—+ + —t—+
- m=256 g=0.32 1 I m=512 g=0.32 1 1 m=1024 g=0.32 1 ave,.
i i i i i i ] 4ge
ISxx, I Sed — ISxxd \
11 . 1 11 1 13 1 |
[ 1 1 1 1 1 o

~
5
~~1
N
s
M.
=1

[ )
0.1 ° ° o o ¢

— m Wil h [rwr}) Ik L2 ;:' JA.A |"rn. Jd y',-“,‘ = vl “L ' :: I

.l 37 W U AU e SRR o PR ' BgE | devigg. \

L + + L + + IOII .

: 1] | | T T | g T T ®
0.01 1 T 0.01 T 0.01 T | fite spectra—seq—l1—1024—0316—abslm-

I 1 1 1 1 1 0.01 E'Rl:lbi()la:’ ap:r2:0I8 ¢ ——t ¢ m —

freq uency T T T freg uency T 1 10 100 1000

(0,001 A 0.00 1 H——irh i
50 100 150 200 0 50 100 150 200 0 50 100 150 200

. .fr.e( uency| |

0.001
0

Running the measurement, m increases
Sxx shrinks => better confidence level
Syx decreases => higher single-channel noise rejection



Bridge method

real 8Z1 => AM noise v¢(t) cos(wot)
imaginary 8Z1 => PM noise —vs(t) sin(wot)
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Wheatstone bridge
/gj. phase

LO

RF IF
1A Y

synchronous
V\‘ 821 detection: get

Vc(t) Vs(t)
(AM or PM noise)

equilibrium: Vq =0 -—> carrier suppression

static error 8Z1 —> some residual carrier
real 8Zi1 =>in-phase residual carrier Vie cos(wot)
imaginary 0Zi => quadrature residual carrier Vim sin

(wot)

fluctuating error 8Z; => noise sidebands
real 8Z1 => AM noise v¢(t) cos(wot)
imaginary 8Z1 => PM noise —vs(t) sin(wot)



Bridge PM and AM noise measurement

: I V, cos(wgt) pump

(microwave)

I
I
I
hybrid brldge hybrid error amplifier ISI o~ | x(1)
juncti:)n juncti:n A(t) I iy : AM noise
= DUT 0 D—pcoherent | E
Do o || detector =1 Y@
dark 0° 0° Z(t) I e | PM noise
i A A ¥ oS
—90° AR 4 —90°
phase & ampl. null
adjustment X(t) cos(wgt) — y(t) sin(w,t) S
File: bridge

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

e Amplification and synchronous detection of the noise sidebands

 No carrier => the amplifier can’t flicker (ho up-conversion of near-dc 1/f)
* High microwave gain before detection => low background

e Low 50-60 Hz residuals because microwave circuits are insensitive to
magnetic fields
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A bridge (interferometric) instrument can

be built around a commercial instrument

How to build an interterometer around a commercial instrument

souroe Imerferometer

(3 detector unit
—— 1 g 1 A I\) e "\
{r\/l 3
- Y a5
&3 2 RFQQIF ==V FEFT
o E | e Z ~ analyzer
< $ < L A % == low—noise
= - | variable aropli
¥ phese
B A
‘ ¢ OMpUter system
r software: o
blue: available in & traditional systero :?;lu;::;nn cara puter
brown: added processing
storgge/retrival i
export PRIREE
. J

You will appreciate the computer interface and the software ready for use
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Flicker reduction, correlation, and closed-
loop carrier suppression can be combined

channel b (optional)

— e e e e e e e e e e e e e e e e mm e o e e e e e e e e e = e —

_ 1 I Vi1 readout Wil
rf virtual gnd , RF [ 1-Q G B i e
@ Bl AR . detect |Q "2 matrix matrix | "2, 1T
"2 ~40dB —TTo T
____inner interferometer 0T o
—— EEERRGE crz O () R, CP4
2 DUT = O? channel a analyz.
IV N (N
al. I 7L Ny B i RF | 1-Q G B pEEEN
% e SIS 7] o < i detect |Q "2 matrix matrix |2,
|
& 10-20dB| R, ‘ SEEE B EnE I e /
1. :
i arbitrary phase qorp pump G: Greir_n Stg:hmldt ortho
normalization
) § B: frame rotation
i I carr. N
5 ma;u’u_la_ SR P\ o automatic carrier
2 M— atten — £ ’ Y I | suppression control I-Q detector/modulator
g var. att. & phase L e diagonaliz. I
|
'RE| | o
arbitrary phase pump LO:!' | [-Q dual D !
aien " | modul |Q "2 | integr |*2 | matrix | LO =90°

E. Rubiola, V. Giordano, Rev. Sci. Instrum. 73(6) pp.2445-2457, June 2002
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value bridge

Background noise of the fixed
—160.5
| So(f),

Example of results

=

100k

ingle-
Background noise of the fixed-value bridge

/Hzii]

1

quency, Hz _

" Fourier frequency, Hz ‘
10k

Pl

I
|
]

| I 1T 1l
{ SR S I I |
gle uncal.
-~ o~

avg 92 spectra
two rf chann.
arm la, 1b
angle uncal.
two rf chann.

=
|
[
|
|
|
1
[
[

Fy=14.1 dBm
Py=14.1 dBm
avg 32k spectra]
1 arm la, 1b

]/HZ_r an

1ol

1t

Tt
I}l

[
——

|

|

|

L rerern
|
[
[
[ AR REE
|
[ I

HHHHlm.HH I, — i o ==

|
|
kgTy!Py=—188.1 dB[rad?]
. e
1k

t 1+ Fourier fre

T T TTTT

dBrad27H£ single-arm

100

)
I
|
T
1
-
|
I

10

)
‘ CIO r“r

(f

S

dBrad?/Hz
el

~170.5}
~180.5
~190.5
—170.5
~180.5
~190.5

Noise of a by-step attenuator
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—160.2
-170.2
—180.2
—190.2
-157.3
-167.3
—177.3
-187.3
-197.3

100k

10K

100k 100

10k

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

1K

100
interchange ensemble with frequency: smoothness O(1/m'/2)

10



The complete machine (100 MHz)




A 9 GHz experiment

(dc circuits not shown)

5
-~
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Comparison of the background noise

So () dBrad’Hz
-140 °

real—time

-
e
e

correl. & avg.

mixer, interferometer

-150 ;

nested interferometer

-160 -

saturated mixer

-170 -

-180

-190 ;

~ d&ubliint_erf .

-200 - measured floor, m=32k

210 - “ep, & 4x10°

Fourier frequency, Hz
-220 . .

1 10 102 103 104 10°



AM noise & RIN

E. Rubiola, arXiv:physics/0512082, Dec 2005
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Amplitude noise & laser RIN

* In PM noise measurements, one can validate the instrument by

AM noise of RF/microwave sources . : :
feeding the same signal into the phase detector

Pa Va
@ G g9 * In AM noise this is not possible without a lower-noise reference
P v [S3-+]
( b B S L L .
e L T <t o * Provided the crosstalk was measured otherwise, correlation
monitor enables to validate the instrument
power Wenzel 501-04623E 100 MHz OCXO
meter P,=-10.2 dBm
-123.1 aeg 2100 spectra
Laser RIN
optical . dc -133.1
<——————————————————————————>:<— ——————————————— = g
| /M
source Py ‘I'\ Va — 5 - 143.1
| o 2 —~ —143.
il | T S y
coupler coupler P : = 5 V?
(~ (. b Vb =
| D %E ~153.1
| =
monitor : % R
power : Fourier frequency, Hz
meter | -163.1 S RN L1 il ] Lakodl VES 5oy
10 102 103 10* 10°
AM noise of photonic RF/microwave sources 80 | Caress AN |
N optical _ . _ microwave de T - Kirill Volyanskiy
| | -90 § % %
source P, *:r\ : v, — 5
Stest e L/ % i % =2 ~100 ? s :
T R f 1 T R =g : : :
coupler  coupler : 0w~ : : S § he J : :
b ; ' Vb El= @ 1 E 60mA
D = K >%& T -110f n 40mA
monitor | % Ry oo 11 : R = “ j | : :
I [ | %)) - oAk, M, )
heter | N W -120¢ G T ame
monitor ! ! : ‘.‘ ¥ 30mA
power : A VR A
meter -130¢ f : SR A i
g . A
E. Rubiola, the measurement of AM noise, dec 2005 a0k _ MR 5
10 10 10 10 10

arXiv:physics/0512082v1 [physics.ins-det]

Frequency (Hz)



AM noise of some sources

source h_1 (flicker) (&) oo
Anritsu MG3690A synthesizer (10 GHz) 2.5x10711  —106.0 dB | 5.9x107°
Marconi synthesizer (5 GHz) 1.1x10~** —119.6 dB | 1.2x107°
Macom PLX 32-18 0.1 — 9.9 GHz multipl. | 1.0x107'?2 —120.0dB | 1.2x107°
Omega DRVI9R192-105F 9.2 GHz DRO 8.1x10~'1 —100.9dB | 1.1x107°
Narda DBP-0812N733 amplifier (9.9 GHz) | 2.9x107'Y  —105.4 dB | 6.3x107°
HP 8662A no. 1 synthesizer (100 MHz) 6.8x1071 —121.7dB | 9.7x10~"
HP 8662A no. 2 synthesizer (100 MHz) 1.3x1071% —118.8 dB | 1.4x107°
Fluke 6160B synthesizer 1.5x1071% —118.3dB | 1.5x107°
Racal Dana 9087B synthesizer (100 MHz) | 8.4x1071?2 —110.8 dB | 3.4x107°
Wenzel 500-02789D 100 MHz OCXO 4.7x1071? —113.3dB | 2.6x107°
Wenzel 501-04623E no.1 100 MHz OCXO | 2.0x107% —127.1dB | 5.2x10™°
Wenzel 501-04623E no.2 100 MHz OCXO | 1.5x1071% —128.2dB | 4.6x10~°
worst

best
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The Leeson effect

Phase noise and frequency stability in oscillators

Enrico Rubiola
FEMTO-ST Institute, CNRS and UFC, Besancon, France

D. B. Leeson, A simple model for feed back
oscillator noise, Proc. IEEE 54(2):329 (Feb 1966)

Contents |
2
* Oscillator fundamentals 4[>O—Ut' S [f] = |1+ iEHIEL S |f]
e Heuristic approach e i Qe 2_ e
e Oscillator hacking i il
e Resonator theory m .
e The Leeson effect Oiﬁtor Ihee
e Advanced topics S,(f) | Leeson
e Delay-line oscillator e
e Cryogenic oscillator \ noise of electro?ic circuits
A= v0/20 f

home page http://rubiola.org


http://arxiv.org/abs/physics/0602110
http://arxiv.org/abs/physics/0602110

Oscillator fundamentals
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General oscillator model

80

real ampllfler

§ =

6 ]

EeErpoles HHHEAEH A T lmmmn;muuuumunn) E :!
gain
_=-I ki I_l AM compressmn | |

 AAA—
v

Barkhausen condition AP =1 at wo
(phase matching)

The model also describes the negative-R oscillator

resonator negative-R amplifier

. 0
compression | |

]
]
[V |<>'<
]
B i | sense
(]
]
]

)
AM-PM noise | |

——————————————————————————————



BARKRAUSEN COMDIT(ON

Let Az coanst

« ong(p) Aets the orillabon freguerc
o saturefion {twcs ‘A/3 [ i J
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TURING AN OSCILLATOR

ad.d Q.r\u..sc {’)
;g FJ-M{J =0

J.Q/"j(

"M’b:
PR rang (f) = - ¥
Aw
QQE: \fl
bo pv . Y

A02b
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Heuristic approach
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Heuristic derivation of the Leeson formula

fast fluctuation: no feedback slow fluctuations: P = Av conversion

Ay = E Y static
Y, 2
Sau(f) = (55) Ss(f)
So(f) = f12 (522) »(f) integral

T =

1 /g \2 § 1/§° L_ZQ
Se(f) =1+ 73(3g) | Se) S| N\

fr f

Though obtained with simplifications, this result turns out to be is exact
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Amplifier white and flicker noise

A
L
§ b_, = const. vs. P,
o b b = FKTn /P
—I \7 f\]' 0 = 0 0
O)
o by » higher P
VS- b0 ., lower PO
7)) | ,
| |
. | >
f c f c f

f. = (b_;/FkTy) Py depends on P,

typical amplifier phase noise

RATE | GaAs HBT SiGe HBT Si bipolar
microwave  microwave HF/UHF

fair —100 —120
good —110 —120 —130
photodetector b_1 ~-120 dBrad?/Hz Rubiola & al. best —120 —130 —150

IEEE Trans. MTT (& JLT) 54 (2) p.816—820 (2006) unit dBrad?/Hz




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

Including the sustaining-amplifier noise

Syl

flicker
freq

. b 2
x £2 2
~ X b—l f—l
D b
Jﬁ'er ~ahxrbees ; 0
5 . white phase
: f =
f

fc fL

) Se(1) Type2 f <f_
2
| b
f})i}cllgseer white phase
=
fL fC !

The sustaining-amplifier noise is So(f) = bo + b-1/f (white and flicker)
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The effect of the output buffer

Cascading two amplifiers,
flicker noise adds as

Self) = [Se(f)]1 + [Se(f)]2

Sy

1/£3

Type 1A

fL>fc

memss total noise

the output buffer
noise 1s not visible

output
buffer

Type 2A f] <f,

messs total noise

intersection f<f L

S Type1B f| >f,

lower messs total noise

3 . . .
1/f low—flicker sustaining
amplifier (noise corrected)

output and normal output buffer

buffer

1/f2
1/f noise appears

C L
S() Type 2B f, <f,

messs total noise

low—flicker sustaining
am(})hfler (noise corrected)
and normal output buffer

——— Intersection f<fL

£, f f

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

e The oscillator tracks the

resonator natural
frequency, hence its
fluctuations

The fluctuations of the
resonator natural
frequency contain

1/f and 1/f2

(frequency flicker and
random walk), thus
1/f2 and 1/f

of the oscillator phase

The resonator bandwidth
does not apply to the
natural-frequency
fluctuation.

(Tip: an oscillator can be
frequency modulated ar
a rate >> fi)

Type 1A

1/£4 == = electronics
— reSONAtOr

fL>fc

Type 2A f; <f,

== = electronics
— reSONAator

Type 1B

== = electronics
— reSONALOTr

fL>fc

Type 2B f; <f,

== = electronics
m— resOnNator

3 < arrnnnneNgnnnn>
Ul

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



Phase noise —> frequency stability

r. w. freq.
g e
phase noise b1
flicker freq.
white freq.
—2
b‘2 I flicker phase.
—1
: b‘l : white phase b0
! f
|
: x 12/ V(z)
" Q |
frequency noise % L
)
white phase
r. w. freq. :
:'/ﬂicker freq. flicker phase ,":
: ;  white freq. \\ il f
N / | .‘ I
~ [ | W
g T 1'1.\_ _ _/.—A///
Allan variance T
o LoD \,/ ’\.\
white  0%(t) = ho/2T E: e A
_ / \ ) freq.
f|ICkeI’ OZ(T) — 2'”(2) h-1 flicker phase \ i drift

white phase

rwalk o2(T) = ((2r1)2/6) hoT




Oscillator Hacking

90



91
Analysis of commercial oscillators

The purpose of this section is to help to understand the oscillator inside from the phase
noise spectra, plus some technical information. | have chosen some commercial
oscillators as an example.

The conclusions about each oscillator represent only 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.

Se(f) _FdBrad%Hz

-80 . . . . . \
S b_5 coefficient . Agilent prototype
' i i 10 MHz OCXO

10 10° 106
Fourier frequency, Hz

| — —

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




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

and frequency stability in oscillators, © Cambridge University Press
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Miteq D210B, 10 GHz DRO

Phase noise of the 10 GHz DRO Miteq D210B

7 |8y(f) dBradHz -l ~_ Digitized spectrum

tables

g2y = ho/2T+2In(2)h-1
ho = b-2/V?o

= b_3/V?0

T
|

Fourier frequency, Hz
f =70kHz f, =4.3MHz

KTo = 4x10-2' W/Hz (=174 dBm/Hz)

floor =146 dBrad?/Hz, guess F = 1.25 (1 dB) => Po = 2 yW (-27 dBm)
fL=4.3 MHz, fL =v0/2Q => Q=1160

fo =70 kHz, b-1/f =b0 => b_1 = 1.8x107° (<98 dBrad?/Hz) [sust.ampili]
ho = 7.9x102 and h_; = 5x10717 => gy = 2x10-11/J/T + 8.3x10°9



Poseidon Scientific Instruments — ShoeboX’
10 GHz sapphire whispering-gallery (1)

-90

) ) e e e e ) ) A Poseidon Shoebox
~1004------- e e e e e e e 1()Gstapph1reWGresonator
. . e e e e e . . © - - noise correctlon 7 7

110 -
—120 1
_130_.......1...; g
—140 1

~1504- - -

phase noise, dBc/Hz

—160 -

—170 7

—180 .
100 1000

f; =2.6kHz 10000 100000

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

Fourier frequency, Hz

=10/2Q =26 kHz == Q=1.8x106¢

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



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

Poseidon Scientific Instruments - ShoeboX’
10 GHz sapphire whispering-gallery (2)

1704 .- R e RN TN

180 S . |
100 1000 10000 f, =25kHz 100000
Fourier frequency, Hz

n

0 —90 E— _

ol -+ Poseidon Shoebox

P d....... P S TR R S - 10 GHz sapphire WG resonator
5 —100 A A SIS opbise correction

% < ~1104- - - - .. - £ lto f3conversion

._g; - ] OSCI']] .

S D 1204 - N\

= aa

S .o

© qj\ _130_ ..............

e /5]

S o . . . L . . . . . . w om -
g s: _140_ ....... L L I T " h o x o om P of » . . L (b—l)bufferz_IZOdBradzﬂ_IZ
; &—150- ------- : ------- _
2z L Instr, paep.. - e : s ' » (bp)ympli=—169
% _160: ....... - Ckgl‘ound, ....... .. ] .. ; .. . dBradz/Hz
2

S

o

o

&

The 1/f noise of the output buffer is higher than that of the sustaining amplifier
(a compex amplifier with interferometric noise reduction)

In this case both 1/f and 1/f2 are present

white noise -169 dBrad?/Hz, guess F = 5 dB (interferometer) => Po =0 dBm
buffer flicker —120 dBrad?/Hz @ 1 Hz => good microwave amplifier

fL=v/2Q =25 kHz => Q=2x10% (quite reasonable)
fc = 850 Hz => flicker of the interferometric amplifier —139 dBrad?/Hz @ 1 Hz



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

and frequency stability in oscillators, © Cambridge University Press

Poseidon Scientific Instruments
10 GHz dielectric resonator oscillator (DRO)

~ L
B W
o O

Phase noise of two PSI DRO-10.4-FR

~50 .
_30dB/dec"
L) NG - - T e e e e
N 70 4o UL - T e i
» .
g 80 L QR
O\ : : :
© =90 - oy 7 slope close f6 =25dB/dec T
G100 4 A O e SURURIURIRR
S 110 4--ree-- 1/ ----- SN E T
0 _120 1 .| .. Slope ,
<
=
Q.
m
N
N

LI
~l N W
o O O

—180

; b= T65dB@AZ/Hz < > "‘ """ |
5 z : |
102 103 : 104 105 106 : 107
f.=9.3kHz Fourier frequency, Hz f, =3.2MHz

* floor —165 dBrad?/Hz, guess F = 1.25 (1 dB) => Py = 160 pyW (-8 dBm)
 f =3.2 MHz, fL =v0/2Q => Q =625
¢ fc=9.3kHz, b_1/f=b0 => b-1 =2.9x107'3 (-125 dBrad?/Hz) [sust.ampli, too low]

Slopes are not in agreement with the theory
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The spectrum is © Oscolloquartz. The figure is from E. Rubiola, Phase
noise and frequency stability in oscillators, © Cambridge University Press

Example OSCI"O

E Rubiola — Phdse noise and freq ency stab lity in osci llator '

BT I N A T
b =—124dBrad2/H '

5 MHz OCXO

Courtesy of Oscilloquartz SA, comments of E. Rubiola

Cambridge University Press 2008 ~ ISBN 978-0-521-88677-2 | } ; | OSClHOquar’[Z OCXO 8600
| [

1 I

1

I

I

1

1 | :
' File: 603-0sa-8600-mod-1st ' | . I
— 187 = . I NERER .
I

I I
1

fff 5o f(;: »S0Hz Fourier frequency, Hz

ANALYSIS
1 —floor Spo =—155 dBrad2/Hz, guess F=1dB - Po=-18 dBm
2 —ampli flicker S, = —132 dBrad2/Hz @ 1 Hz > 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/f3 noise is attributed to the fluctuation of the quartz resonant frequency
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The spectrum is © Oscilloquartz. The figure is from E. Rubiola, Phase
noise and frequency stability in oscillators, © Cambridge University Press

Example - Oscilloquartz 8600 (right) **

So(f) dBrad?/Hz

_97 lggub:ola Phase.n01se-aﬁd frequency stablhty in oscillators ' ' - B T 11

Cambridge IUnlversny Press 2008 — ISBN 978-0-521-88677— T OSCllquuartZ OCXO 8600
—107 -~ resonator instability—
| > ‘ 5 MHz OCXO

I N I I
b_3 =-124dBrad?/Hz
-117- I -

Courtesy of Oscilloquartz SA, comments of E. Rubiola

s Leeson effect (hidden) | | ] _ T T171
EA,- / ! HH . sust ampli + bufferl— | | . ——— 1

- b_,= —131dBrad?/Hz | |

0 L] '

A

bl
~—

|1 sustaining amp'liquier
b 1= —137dBrad2/Hz

QL =0 ALLL
\ 102 103 104

Fourier frequency, Hz

|
___.___I'-
I L 3
/

fL=1.4Hz f =4.5Hz

(guessed)

F=1dB bg => P;=—18 dBm (b-3)osc => 0Oy=1.5x10-13, Q=5.6x105 (too low)
Q=1.8x106 => 0y=4.6x10-4 Leeson (too low)



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 . Rubioia  Pnae neien i equency Nability in owiiarore” TTTT T TTTTT0 T TT1
Cambridge Universi ty Press 20|08 ISBN 978- o 521 88677 2 OSCIHOquaI'tZ OCXO 8607
1 5 MHz OCXO
—87 | Courtesy of Oscilloquartz SA, comments of E. Rubiola | ||
|
107 L (6-3) = ~128.5 dBrad*/Hz
07 Te =1.6H
f, =1.25Hz <= Q=2x106?
/ T | v rrrirn I
7T =3.2Hz=> Q=7.9x10°
J L ]
' (b_p) = —132.5dBrad?/Hz
- ,, | by=-153dBrad*/Hz
TR " 4 PR L
I
~167 File: 605-0sa-8607—mo L(b l)()sc _138 5 dBrad.lez | |
1 10 102 103 10* 107 100
Fourier frequency, Hz
F=1dB by => Po=—20 dBm (b=g)osc => 0y=8.8x10-14, Q=7.8x10° (too low)

Q=2x10¢ = 0,=3.5x10-4 Leeson (too low)
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The spectrum is © Poseidon. The figure is from E. Rubiola, Phase noise

and frequency stability in oscillators, © Cambridge University Press

Example -

Se(f) dBrad?/Hz

CMAC Pharao

Cambridge University Press 2008 ~ ISBN 9780052 1_85677-2 Rakon Pharao
5 MHz OCXO
-100, |
it ourtesy o akon, comments o . Rub1ola
W (b_3) = ~132 dBrad?/Hz Courey o Rakon,commeats o . Rubil
110

f:=1.5Hz

~140 |-

—-150

b,=-152.5 dBrad*/Hz

L

_technology
Q=2x106?
—160 -=>f; =1.25Hz

_ 1 70 File: 606—candelier—bw | |

N ’t TSo. Y~o(b_)=-135.5 dBrad?/Hz
\ ~ >
fe=13Hz "~ ~ _(b_),.=—141.5 dBrad?/Hz

~

10-1 1 10

F=1dB bo => P¢=—20.5 dBm

102 103 104 103

Fourier frequency, Hz

(b—3)osc
Q=2x106 => 0y,=2.5x10-14 Leeson (too low)
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=> 0y=5.9x10-14, Q=8.4x105 (too low)



100

Example - FEMTO-ST prototype

Sp(D) dBrad?/Hz

ssald AMisianiun abpuquen g ‘stole|jioso ul Ayjigels Aousnbauy pue

o
S
i it B e eind it EA = 1 SIS S
i = : mpu s B ¢ o T T
L B el b N A
e = FEdE -
- N . - B A o
“ = o v ) o S -
m|| 4 _ 1|||||||.t r - — | _”F|m0_0|
: s 2 oM g 25 D)
“ o) — O — | Sz o B
m n -+ |l M 5 8 O
ST e m uuuuuuu“p—/ 5 A= m.Lu
m|| - — B Ql'lllllu 4 — Hlm%L X f
Sl I I el i =Ll I ANt 3
; o AE-
AT N IR ___ - ANV o
Lol | tn T aeafeaaa Ny 1513 =
m = | | .bO | 57 -
2 4SS L SLLAGE B
; o A=
& EOS S ool g M
m| B “‘hh mglr 0
o M T TTTE=====3--—] - 250 O
S = - El
T g = - _[C - 1O
A . F QO __ | _ e
T G ?
mll DIIIIIf2 - — —
: + M | / &
I o= O ——+ O
EE A EE L 5= =2 = o ~—
. . N pO ..kIIIL
S - O ¢ oo N —
; o —
- AN EQT | e L S
) @\ _
BT BRI T, g
- QA TEA8 |3 A | &
“ =N as O
IR | o 4w
m N tB --n6 Fm s =
FSCERSACRIS-I
Al LA H.m R A ¢y -4y i sy DI
7} y—
w.la.cﬂ3--t__ N @
E=g S RIBZEn T 2
“,aB S v— = _ S
K o < 3
ce| 8T - L=
. ”
ol |d0o- = QO
L~ _
mral i
=N
2 1L
FO [
mrhw P
“ A
[ T 0
I -¥ > E'8 8 B ¢
| | < L7EL U ™

aslou aselyd ‘ejoigny '3 wouy si ainbiy ay] "uoey @ S! wnaoads ay

5.4x10° (too low)

Q=1.15x106 => 0y=8.1x10-14 Leeson (too low)

> 0y=1 7x1 0_13, Q

(b—3)osc

F=1dB bo => Py=—26 dBm

(there is a problem)



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

and frequency stability in oscillators, © Cambridge University Press

Sp(D) dBrad?/Hz

Example - Agilent 10811

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

/ b,=-103dB

ON o

-107 +»

<

~117

~127 |\

sust. ampli + buf
b_,=-131dB

—137 \
~147 T NI

—-157 7T P :‘\
| \

File: 608-10811-bw

—-167 | —

Sust.
b_,=-137dB

Agilent 10811
10 MHz OCXO

Courtesy of Agilent Technologies
Comments of E. Rubiola

O experimental data

amplifier

- _——\—k——\—QAO__ R
r-- X

~
I

~

1/f0 Noise FIooi

~

| N, |

sz THz1
(guess!)

F=1dB bo => Po=—11 dBm

| ‘ »
1 110 102 103 10
ff=50Hz  { =320H

(b—3)osc
Q=7x10°

frequency, Hz

=> 0y=8.3x10-13, Q=1x10° (too low)
=> 0y=1.2x10-13 Leeson (too low)



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

frequency stability in oscillators, © Cambridge University Press

102

Example - Agilent prototype

S,(f) dBrad/Hz

80 . -
File: 609—karlq—xtal . : Agilent prototype
b_3= —102 dBradz/Hz § - 10 MHz OCXO
_10 ---------------------------- :”““””-”-:“CourtesyofthCIEEE

Comments of E. Rubiola

\ N 5..sust amp11+buf ............. A
‘ - b_;=-126 dBradz/Hz '

snnple sust. amphfler
b_,=-132 dBrad*/Hz

A /= St —
—140 SO R by =158 dBrad/Hz
~ . 1 P /l----: .............. \t ...........
160 <7/ T \\ .............

. E. Rubiola — Phase noise and frequency §tability in oscillators
I Cambridge University Press 2008 — ISBN 978—-0-521-88677-2
1

|

| .

=\ ZSSi'ble !

10 7~ <102 ! W0~ 100 105 108
|

|

|
; _4le .l\ £-320H7 Fourier frequency, Hz
S~ corrected sust. am thfler
_________ b_,=-152 dBrad-</

f; =~ 7Hz (guess D

F=1dB bo => Po=—12 dBm (b-3)osc => 0y=9.3x10-13 Q=1.6x10°
Q=7x10° == 0,=2.1x10-13 (Leeson)



Interpretation of Se(f) [1] 1

. real phase-noise spectrum

Only quartz-crystal oscillators ..

L
i Ll
Ul V

‘x“"""?‘)"“’:"“ll‘-'.",-_-..:v“‘ ! l. L

E. Rubiola — Phase noise and frequency stability in oscillators

Cambridge University Press 2008 ~ ISBN 978-0-521-88677-2 after para metric estimation i

start from o ) b3 flicker
b_ 1 iy -3 b_f~!

buffer + sust.ampli

Ltake away theJ Leeson effect?
uffer l/i nois
estimatef;’
( * LJ b—laf_l | bOfO
i evaluste ) o . \»\
Q= 0” f, ——— o
o £ f f

-

File: 602a—xtal—interpretation

2-3 buffer stages => the
sustaining amplifier
‘ . ‘ contributes = 25% of the

Sanity check:
— power Po at amplifier input
— Allan deviation oy (floor)

total 1/f noise



Interpretation of Sy(f) [2] e

Only quartz-crystal oscillators

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

b_5f

[technology => Q[] )

¥ 5

[resonator I/q

freq. noise
i Yo
{ -2 } .
the Leeson effect
is hidden /
HERE _
fi fi 1 f. f

File: 602b—xtal-interpretation

Technology suggests a merit factor Q. In all xtal oscillators we find Q: > Qs



Example - Wenzel 501-04623 kz:

Data are from the

Se(f) dBrad*/Hz e et manufacturer web site.
~100 . Infcerpretatlon and
~30dB/dec : Wenzel 501-04623 plezlEmaliamin e
b_;=—67dBrad’/Hz 100 MHz OCXO authors.
_110 T N\ /---1 ------------ Comments_ofE.Rubiola .
N\ ! .
R : : =+ specifications
—120 4N\ TP e
> Z Z Z
\
> , ,
—130 - Yo PN
N :
. Leeson effect (h1dden) Estimating (b-1)ampii
B | R ¢ NN 18 about here e R O
N . is difficult because
5 AN . . there is no visible
—-150 --‘--’Z71311',)O-1; ------ N N 1/f region
Ny E
160 4 e S ZATer P
170 -~ bO——173 dBradZ/Hz 7 NS~ G NG bmrm e
. — + +
File: 610-mywenzel ! %
—180 i — !
101 102 v 103 ! 104 105
! f7 =3.5kHz

guess Q=8x10* => f, =625Hz

F=1dB bo => Po=0 dBm

Fourier frequency, Hz

(b—3)osc => 0y=5.3x1 012 Q=1 A4x104
Q=8x104 = 0y=9.3x10-13 (Leeson)



Quartz-oscillator summary it

Oscillator g (b_3)tot  (b—1)tot (b—1)amp fIL T Qs Q1 fr (b—3)L R Note

ggggﬂoquam 5  —1240 —131.0 —137.0 224 45 56x10° 1.8x10° 1.4 —1341 101 (1)

ggg;“oquam 5  —1285 —1325 —1385 1.6 32 7.9x10° 2x10° 125 -1365 81 (1)

Rakon 5  —132.0 —1355 —141.1 15 3 84x10° 2x10° 125 —139.6 7.6 (2)

Pharao

TR LUSE 0 1166 | —130.0 —136.0 4.7 §EEE 5.4x10° 1.15x10% [N 1232 QO (3)
prot.

?ogsﬂfft 10 —103.0 | —131.0 —137.0 25  BSOM 1x10° | 7x10° NEEM 1199 B (1)

Aglemt 45 1020 -1260 —1320 16 82 16x10° 7x10° (71 —1149 [129| (5)

prototype

Wenzel T T 5 T 2 4 4 —

Wenze L1100 67.0 132 1387 1800 3500 1.4x10* 8x10* 625 —79.1 151 (6)

unit MHz 17 i i Hz Hz  (none) (none) Hz i dB

rad’/Hz rad®/Hz rad®/Hz rad? /Hz

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

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. ) 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)

5
6) Data are from specifications.

R — (O-y)oscill i (b—S)tot 1 % 1 i

(Oy)Leeson a6 (b—S)L T Qs ) fL
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Opto-electronic oscillator

Al2x
’a TIDALwave™
Ultra-Low Phase Noise Microwave Signal Source
OEwaves,
A S e i
* Imaging systems This Iovol ofpoﬁwm wﬂwmbmm
* Digital Radio (QAM) systems as well as architect capabilities to address new markets.
» Optical Data Communications OEwaves is developing miniaturized (MINIwave™) and multi-octave tunable
(TUNEwave™) signal sources based on the performance and specifications of
TIDALwave.
(oID <
= v AP wm— - !'lO
€ -— - Q P & -20
L {o S
v % o i
-40 — -
—~ -50 &7
Free Running § ; @H‘”
Phase Noise Plot i
TIDALwave - 10 GHz g o
Z -100
' .
Model: OE1255 g
J.-eﬁ»— Live 130
-140
Q 'H‘ Vo T -150
o N N R
Te G u.zit'-‘i-‘:-w s [6)...5 100 1000 100000 1000000
TW 2+ mlw(l-h)
ou.,‘ l\ML

Reapthy = CT = S lea Casss. ) ¥‘ Q |
. $.2ka MtI.S)’

Courtesy of OEwaves (handwritten notes are mine). Cut from the oscillator specifications available at the
URL http:/www.oewaves.com/products/pdf/TDALwave Datasheet 012104.pdf



http://www.oewaves.com/products/pdf/TDALwave_Datasheet_012104.pdf
http://www.oewaves.com/products/pdf/TDALwave_Datasheet_012104.pdf
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Resonator theory



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

T+ w

2
naj__

%@(t)

shorthand: f = wW/2n

T 1(t)
Gy 7W0

ZL=sL
Zr =R

1
L= —
€™ sC

inductor

%®=L%ﬂ0

resistor

v (® =R i(t)

capacitor

%mzéﬁmnw

W,
Q
i

Wp

natural frequency
quality factor

relaxation time

2
F— 29
Wn

free-decay pseudofrequency

wp = wp/1 —1/4Q?

1(t)

envelope e /7

[\
N
A S
N
N
AS
|
|

|
| relaxation . |
| time == 1/f f

=" /1
! 2Q ! ! p P 2n 4Q2
=20
0



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

(Dn S -
B(s) = Q5 O X S=0+jw
S +ES +(1)n
frequency domain complex plane
IBGw)! o jo A
A S=Q
1
........................ [ (Dn
Op+j0, - W7 0y =50 4Q2-1
1\
Y
Loy n 1
! =, [l-—
. ) T\ 4
S ; Lo
lin—lin plot ¢ . i ® 1
Q o _
| )
lin—lin plot . —im ‘~~__*_______
—Tt/2 PR
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RESONATOR -

. S

N Moraiioll dedinan ‘!s\ "wcl

dww u,. (SR X7
N A —
4 e Az
H(N’ E 4,:&3 4*&‘”2
Reaf, I“‘*“J M dule, 'tu.sc.
R ()= 2 =
I(w) 4:(2:* )< -onchuls



Figures are from E. Rubiola, Phase noise and frequency

stability in oscillators, © Cambridge University Press
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Linear time-invariant (LTI) systems

time
domain

Fourier
transform

Laplace
transform

Noise
spectra

o(t) 1 h(t)
* system *
vi(t) — vi(®) h(0)
* system *
elot HGiw) el ®t
- LTI 0 ),
system
Vi (jw) LTI H(w) Vi (jw)
* system *
est H(s est
- LTI ( ).
system
V.(s) T H(s) V;(s)
* system *
S (w) — IHGo)I? S ()
* system *

Impulse response

response to the generic signal vi(t)

H{(s) = /O TR et dt

H(s), s=0+jw, is the analytic continuation of
H(w) for causal system, where h(t)=0 for t<0



Figures are from E. Rubiola, Phase noise and frequency

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

complex plane _A_ j * omega
. 1
7]
o
a
> T
e
= 1
» 1
()] 1
c 1
5 -10-8 -6 -4 -2 2 4 6 8 10
o sigma
S =57
S
Q
£
o 1
(&) -10-
@), complex plane | _A_ j ¥ omega
2 1
O
)
9
-6 5 =+
n
o
£
>
5=
=
©
]
7]

complex plane _A_ J ¥ omega

57

1

10 -8 -6 -4 -2 ]
_5—

2 4 6 8 10

sigma

—10

1
s+ 1/t

1.0 — exp(—t/tau)

0.8 — < tangent 1-t/tau

00 05 10 15 20 25 30

A
3'__' — exp(-t/tau)
2__
1
1 time t/tau
()
00 05 1.0 1.5 20 25 30
A
207 — exp(—t/tau)
1 — ~ tangent 1-t/tau
15T
104
51
] time t/tau
O_

00 05 10 15 20 25 30

F(s) =

complex plane

complex plane

complex plane

file le—calc—laplace—2nd
src allplots—leeson

40

j ¥ omega

S

s2 4 2s/T + w2

A

10N

0.5 1

)

—— cos(omega*t) * exp(—t/tau)
— - envelope exp(—t/tau)

}\_ = envelope tangent 1-t/tau

—0.5f

0‘0:::::

S
. V o V257 30

= -
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=
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—
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Resonator impulse response

[1+£(t)] cos[w t+W(t)] [resonator | [1+&(t)] cos[w t+@(t)]
\ |

2nd order differential equation

Cannot figure out a d(t) of phase or amplitude? Use a step and differentiate

set a small phase or amplitude 1.0

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

cos[w0t+cp(t)]
cos(w t) t= 0 resonator [1 +0((t)]cos(w0t)

Q, w, |—e —/\W\—-o—o
@ CB cos(w t+K) \

mEBRN I K [b(t) dt
—— (1+ K)cos(w,t) 00 05 10 15 20 25 30

file: ele-resonator-delta-respon




y

nd frequenc
ity Press

© Cambridge Univers

llators,

from E. Rubiola, Phase noise a

115

Response to a phase step K

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

switched off att =0 switchedonatt=0

vy (©

hase 0 vy () phase K
AP I A

AN \AANAAN .

VAV

-V

VAVAVAVAVAY

U

exponential decay exponential growth
PO cos(wpt) e T VO g VO cos(wyt + k) [T — e

envelope
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Resonator impulse response (wo=wn)

v;(t) = cos(wot)u(—t) + cos(wot + k) u(t)
A S S—— == e e e == phase step k at t=0
switched off at t =0  switched on at t =0

Vo(t) = cos(wpt) e t/™ + cos(wpt + k) 11— e_t/T} t >0 output

Uo(t) = cos(wpt) — K sin(wyt) [1 — e_t/T: k— 0 linearize
Uo(t) = cos(wot) — K sin(wpt) |1 — e_t/T: Wp — Wo high Q
1
Vo (t) — —2 {1 s g [1 = G_t/T} } slow-varying phase vector
S{V(t
arctan <§;§V Eg{) ~ /@[1 — e_t/T} phasor angle

delete k and differentiate

| iImpulse response 1/
T

b(t) = —e 7" B(s) =

Q 7'e - (5) s+ 1/1
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Detuned resonator (1)

amplitude | H Henee Siewe . mes 1 ezl H Hpjme Bago_ £
phase o o e LDl 5 S B R
() = wy — wy, detuning
Bo = W(JWO)‘ mudulus
0 = arg(B(jwg)) phase
1 1
v;(t) = — cos(wot — 0) u(— ) + — cos(wot — 0 + k) u(t) phase step K at t=0
2 2 L
switched :):Cf atit=-0 switched :)rn ati—1-=+0
= cos(wot — @) u(—t) + it ‘cos(wot — 0) cos k — sin(wpt — 0) sin k| u(t)
Bo Bo
% cos(wot — 0) u(—t) 61 cos(wot — 8) — rsin(wot — )] u(t) & < 1.
0 0
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Detuned resonator (2)

—t/T

Vo (t) = cos(wot) — Kk sin(wot) + K sin(w,t) e output, large Q (Wp=wn)

use Q = Wo - Wn

Vo (1) = cos(wpt) [1 — ﬁsin(Qt)e—t/T} — K sin(wot) [1 — cos(Qt)e—t/r}

slow-varying phase vector

1
Vo(t) = — {1 — msin(ﬂt)e_t/T + jli[l — COS(Qt)G_t/T]} k<1

V2
arctan ;igigg{ =K [1 — cos(Qt)e_t/T} angle
‘Vo(t)‘ — |VO(O)‘ — msin(ﬂt)e_t/T amplitude

delete k and differentiate
iImpulse response

I 1
by, (t) = _Q sin(t) + — COS(Qt)} e t/T  phase

T

I 1
bap(t) = _—Q cos(§2t) + . sin(ﬂt)} et/ amplitude



Resonator step and impulse response

+ figure: 945-reson—step—response
il ise

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

| (Q sin Ot + % COS Qt) e /T

1.0

057

Impulse response of the detuned resonator
Parameter: detuning frequency F

alpha/alpha, phi/phi

0.0

_(—Q cos Ot + % sin Qt) e t/T

phi/alpha, alpha/phi

ource: oscill-am—nois

S (&) . 1
E. Rubiola, jun 2009 time, t/tau

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

figure: 946-reson—impulse—response
e

(—Q cos Ot + % sin Qt) e t/T
(Q sin Ot + % COS Qt) e /T
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A —resonator tuned at ®, =

Frequency response

B — resonator detuned

toned 2t &, BGs) i fommedbyQ<<q, B ‘o
HQ e X
X o
. o x -
—(DL(1+£l22’cz)
diagonal terms
1 S % 02T
— 2 L 2
T S _I_ =S 5 Q
BJ(s) = T
—()s
2 1

2.0 bttt f—t————————————————————————————
I 5 file le—calc—bigb T
g | F= Omega / (2p1) src allplots—leeson 1
G + 4
Bis5+ 1
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=
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% L \{ 1
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o
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diagonal terms

—()s
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Leeson effect
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Low-pass representation of AM-PM noise

4 S — )
real amplifier :\[_1_4:(3(9]_??? [(f)_ot_kfe(:t)_] ,:
.' _____ n _o_is-e__-__-__-__-__-__-__-___-__-‘: 3
{ pu }{ am 4[>_comgf;gsion | RF, pwaves
E@J(’O é@nm S — = or optics
= : resonator
P
. J

/ low-pass equivalent \

\_

W(t) < ¥(

PM

S)

O—P>2

Gy

\&

low-pass

b(t) & B(s)

Leeson Effect

~

The amplifier

- “copies” the input phase to the out
— adds phase noise

-

-

AM

extension of the LE to AM noise

gain fluctuat. N saturation

() N } A
low-pass ! .

b(t) © B(s) .\ 1 u,

J

The amplifier
— compresses the amplitude
— adds amplitude noise



A — Oscillator transfer function H(s)

Effect of feedback

Oscillator transfer function (RF)

jO
constant zeros | poles function of A

N

D St
@ incréasing A
o
SR
e 20 <
2 Og| e
B > -
o ! 2 )
2 E| 8 ©
Sr
g £ ©
s

© %>

B — Detail of the denominator of H(s)

open loop

Q)
A=(

A=1-2Q

A=l |
oscillation

A =1+2Q

negative [feedback
insufficient gain

excessive gain

A=1
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Leeson effect

phase-noise transfer function

-

W(t) < ¥(s)

noisy amplifier

Q(t) & P(s) H(s) = ig definition
O)—— 1

1 general

4 low-pass A H(s) = 1+ AB(s) :ﬁz:?;(:k
— b(t) o B(s) |-
i 1+ s7
_resonator )\[B (s) = - H(s) = Leeson
s+ 1/7 ST effect
W(t) < Y(s) P(t) & d(s)
< ) (Z/\ E ! e Complex plane transfer function
H(s) 4o bEGf)P?
low-pass _ Y
‘ i\ o—xX—>
relaxation time 17 Y :A/ £0
file: ele-PM-scheme I 5 20/(00 E >
Jr /




DeAtuned resona’]gor

resonator H(s resonator H(s
tuned at w,, (s) jo detuned by Q<< (s) i o
a Q0
© X X X
: O ol L I 1 o O
6 % % ——
file le—calc—bigh
e\ src allplots—leeson
<
s ool lasBl Res! o
; \ - = |
) N \
.54—— \V’\’) rh r —+
Q
= s
= |
Sioit F = Omega / (2p1) il
G
7))
S
<
=
02T U
N
05 \\
= \\
0') \ —_— e
% 1T \ =
=
o
0 —+—t—+——+—+—+—+—+—+—+—+—+—+—+—+—t+—+—+—+—+—+—+—+—+—+—F—+—+—+—+—F—+—+—+—+
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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Low-pass model of amplitude (1)

First we need to relate the system restoring time T, to the relaxation time T

u‘= 1+o<u

OE(’C) OZ ‘ >A v=1+a,

low-pass

Vq

2 _T_—W
relaxation time

file: ele-AM-scheme

simple feedback theory

U = € + V9

1
32:—/(?}1—?}2)61?5
4 X
T Vo = U — €
v = v = Au
1
u:e—l——/(A—l)u—I—edt

T

differential equation

1 1
w——(A—1)u=—€e+¢€
T

e

<1

Gain compression is necessary for the

oscillation amplitude to be stable

The Laplace / Heaviside formalism cannot be used because the amplifier is non-linear
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Common types of gain saturation

hard clipping

A, soft clipping u |: V

| A/_l oscillator operation |

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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Low-pass model of amplitude (2)

Ayt

Gain compression ! homogeneous 1
differential U — — (A — 1) u=>0
equation T

1.---5‘

At low RF amplitude,
let the gain be an
arbitrary value
denoted with Ao

For small fluctuation
of the stationary RF
amplitude, the gain
varies linearly with V

Simplification: the
gain varies linearly
with V in all the input
range

|
|
|
: e A — 1—Y(u—1)
:
|
|
|

\------

)
0
0
0
|
0
0
0
0
0
0
0
0
0
i
y
i
0

—I'_>
|
|
|
|

- - -
|
|

\/

| P

Three asymptotic cases

Startup: u—20, A— Ap>1
1
W—=(4g—Du=0 = [u _ Oy e(Ao=1)t/7 ]

T
rising exponential

Regime: u—1, A=1-y (u-1)

T

iL—I—z(u—l)u:O =z [u:Cge_”/T ]

restoring time constant T, = T/y

Linear gain: A=1-y (u-1)
1

(ﬁo) = 1) e=7t/T 4 1

u =



Startup - analysis vs. simulation

1‘12 analytical solution,
10+ A= 1—Y(U—1)
09+
08+
07+ .
06] 10 MHz oscillator
! L=1mH
031 R=125Q
ol Q ~ 503
8:884-00 5.0é-05 1 .0é-04 1 .5:3-04 2.0e-04
150
van der Pol oscillator
100 | 'N ’a' simulated by RB
Z 50| F“ l. ” -
= |
g ¢ |
g 50 L]
5 L
\ ] - .
~100 W Rising exponential.
_150 . . - - - . 1 We find the same
0 50 100 150 200 250 300 350 400 3998 400 3
Time (us) time constant -1/y
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Gain fluctuations - definition

A fluctuating oscillator operation

A=1-y(u-1)+n

~~~~~ : .
~- fluctuation n
- A
~~~.

ideal i i *
A=1-y(u-1) | ! !
| | U | > v
file: ele-gain-fluctuation 1 u

Gain compression is necessary for the oscillation amplitude to be stable
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Gain fluctuations - outputis u

u‘= 1+O(u

V = 1+0(V

E(t) D

| -
ow-pass v, ﬂ

Vzrw
relaxation time
file: ele-AM-scheme

Linearize for low noise and
use the Laplace transforms

a,(t) < A,(s) and n(t) < N(s)

H,(s) = jt;f((j)) definition
Hu(S) - /T/ result
s+y/T

1 i
. non-linear
U — _(A — 1)“ equation
T A
A=1=(u—1)+n
Y Ui
U+ ;(u o 1)“ — ;u linearization
‘k ' Z " \ for low noise
Y - 1 linearized
g, T+ ;Oﬂu — ;77 equation
1
(S 4 1) Au(S) _ _N(S) Laplace
T T transform

Hy(s) 4o AH. (5 f)
[1/7
? 03 > i 2
: >
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Gain fluctuations - outputisv

u.= 1+O(u

CE(t) Oz ‘ >A v =1+a,

| -
ow-pass v, ﬂ

2 rW
relaxation time
file: ele-AM-scheme

boring algebra relates &y to &y

v = Au
A=—vu—1)+1+n

v=[—vu—-1)+1+n]u
v=[—ya, +14+7] 1+ ay
Aty =X+ 10—y, + oy —ogT] — ¥,

linearization
Uy = (1_V)04u+n
for low noise
()‘/’U - /'7

I —7

Ny —

(3 + l) A (s)

T

y<1 [

H(f)]?

1 starting

—N(S) equation

T

definition

result

A
\kLeeson

\ ]
' <1\

=<
'V
V=

1-----

-

VL f.L ’7:fL



Additive noise

low-pass
V2 V1

relaxation time

file: ele-AM-scheme

Linearize for low noise and
use the Laplace transforms

oy (t) «— Ay(s) e(t) <« E(s)
A (s)
E(s)

u‘= 1+0(u

V = 1+0(V

e(t)

and

H,(s) =

definition

s+ 1/7

o) =7

result
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— outputis u

1 1 li
iL:—(A—l)u—l—é—I——E non-linear

- \ - equation
A=1—v(u—-1)

. . 1 . :

u -+ l(u — 1)u = é+ —¢ ""f::'z'

*. T ! * T low noise

. . 1 linearized

Qg+ ;O"UJ = €+ ;E equation
v _ l Laplace

(8 v T) Au(s) = (S T 7-> E(s) transform

A Leeson

Cj? \\4/
S '
<3 | <f\:
==

y<1 I [
—1/TI —y/T o
[y>1] 1 jo
_Y/T _‘i /T Y file: ele-H-AM

1-----

=<
'V
V=

: . g >
YL fo /L



135

Additive noise - outputisv

u= 1+0(u

.E(t) Oz ‘ ' v =1+a,

low-pass

V2 V1

relaxation time

file: ele-AM-scheme

boring algebra relates &’ to «

v = Au
14+ ay =1 —yayu] [1 4 o)
. 2
/—|—O&U _X—FCku_fYau_m
- B linearization
Qy = (104 ’y)&“ for low noise
Oy =
1 —7

. Y . 1 linearized
Qq + —Qy = €+ _6 equation

N

= ozv/ (1 —7)
v oy Ny _ ., 1
It;@w+;%)—“fﬁ
L (s+ 1) Ay(s) = | s+ l E(s) Laplace
11—~ - o - transform
A, (s
H(s) = E(i)> definition
s+ 1/7
H(s) = (1 —~) s+ /7 result
y<1 [ m_‘ \\kLeeson
B' <\f\i
==

]
]
|
]
| 4
| o
P

-

1y =
= V
| o
=-@- D
‘é.
Q Q
l-<
AV,
=
D
0
0

VL f.L YfL
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AM-PM noise coupling

Will be shown in the case
of the delay-line oscillator
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Leeson effect
In delay-line oscillators
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Motivations

(tunable bandpass filter )

e <> Ba DB H%

|
delay line ! mode selector ‘ ‘

[1+a(t)] cos[wyt+@(t)]

e Potential for very-low phase noise in the 100 Hz - 1 MHz range
e Invented at JPL, X. S. Yao & L. Maleki, JOSAB 13(8) 1725-1735, Aug 1996

e Early attempt of noise modeling, S. Romisch & al., IEEE T UFFC 47(5)
1159-1165, Sep 2000

e PM-noise analysis, E. Rubiola, Phase noise and frequency stability in
oscillators, Cambridge 2008 [Chapter 5]

* Since, no progress in the analysis of noise at system level
e Nobody reported on the consequences of AM noise
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Low-pass representation of AM-PM noise

A T N T e )

real amplifier - ____° ___~_ ¥ __ "
T noise .. 007" !

{ pm AM AE— gain -,-l'

: compression :

i !Ll)(t) !n(t) S —— ' HWAVS

---------------- mode selector delay line

Bs By
- Y,
/ low-pass equivalent \
4 BEN ™
.
Y(t) < Y(s) t) & & t
P00 £(1) l N
Cy)—— >—1— G— A
low-pass & delay gain fluctuat. \\"“-s-a;t]r-a-ti-o-n“‘-
b(t) < B(s) ne) < Ns) h=d
low-pass & delay E .
b(t) > B(S) '\______1___1_1_}
g Leeson Effect )L 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
http://arxiv.org/abs/1004.5539v1

Leeson effect

feedback

\_

H, complex plane

w = 2m/ty) m . jm
Ry X,
Aw = o> * _______ X\ @m/ty) W
______ )‘<>
O X
Qe %
A(D=—&£ }l/::::::::x::._. (ZTC/'Cd)M
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phase-noise transfer function

O(s)
H(s) = initi
(s) T (s) definition
H(s) = 1 general
T e
T H(s)= — 15/ Leeson
e L+s7r =™ effect

transfer function |H|?

1e+08

12407 +optical-fiberosdilator with selector— & Rubialn mpr2oit
1e406 1P

1405 4
10000

1000 +
100 +
10+
1+
01+

1Q =5000

L
L]
fgura: 958-0E0-«fardfunc

phase noise TH(jf)l*2

arameters.

tau = 1E-5s (2 km)

[ m=1E5
num=10GHz

lfroqucncy. Hz

0.01

1000 10000

1e+06

1405

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



Gain fluctuations - definition

A fluctuating oscillator operation

A=1-y(u-1)+n

-~ fluctuation n
ER iERRERR RRa o

.

file: ele-gain-fluctuation 1 u

Gain compression is necessary for the oscillation amplitude to be stable

ideal
A=1-y(u-1)

E. Rubiola & R. Brendel, arXiv:1004.5539v1 [physics.ins-det]
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Gain fluctuations - output is u(t)

uw=14 oy
e(t) < £(s) Qy (1) < fllu_l(_s)
S s Oy,
% b ay(t) < Ay(s)
low-pass | 7]

delay T

file: ele-OEO-AM-scheme

The low-pass has only 2nd order effect on AM

Linearize for low noise and
use the Laplace transform

a,(t) < A,(s) and n(t) < N(s)

H(s) = ﬁ?((;)) definition
1 result
H(S) — 1 — (1 _ ’7)6_87

non-linear
u= A(t — 7)u(t — 7) eauation
U= 1—vy(u—1)+n
use u=x+1, expand and linearize for low noise
a(t) = (1 - y)a(t — 1) — yai(t=r)> 0
+n(t—1)+nt—1)at—r" 0
linearized equation
a(t) = (L —v)a(t —7)+n(t —7)
Laplace transform

Au(s) = [1 = (L—7y)e™"7| = N(s)

1000

ampitude nolse TH(NIA2 | S WmeteTs:
optical-fib er asdillator ?ainlnzaoz ou;

100 -

10+

source: oaclll-amnolas
0.1 E. Aublola nw,-znﬂ!

100 1000

|frequency, Hz|
10000 12405

1e+06



Gain fluctuations

e(t) <« £(s)

v=1+ a,
W—2 b T ) o A (s)

;‘“"“‘l
; low-pass 1

delay T

file: ele-OEO-AM-scheme

The low-pass has only 2nd order effect on AM

boring algebra relates &y to &y

v = Au
A=—vu—1)+1+n

v=[—vu—-1)+14+n]u

v ==y, +1+7] [1+ ay]

K+ ay =Y+ 10— you, + qu, —ogl] — e,

linearization
Oy = (1 —v)ay, +
v ( fy) ¢ g for low noise
OZU _77

I —7

use u=x+1

Ny —

143
— output is v(t)
Au(s) [1 = (1 =7)e ™7 = N(s)

starting equation

H(s) = N (5) definition

_ 1+ (1—v)(1—e5)

H(s)
— S — ST
1 (1 7)6 result
1000+ mpltude nofse THGNI2 | 5 EameieT
Lop tical-fib er gscillator ?ainlmfoiy 0681
100 +
10+

fQum: MHNNN
source: osclll-amnolas

0.1 E. Rublola may 2010

1 1 ..nfroqycnqy'.H.zn 1 | S
100 1000 10000 16405 16406




AM & PM spectra were anticipated

144

_120_ T 20
. AM noise PSD, dB/Hz ol
| -80
-140 - y [
| b 100 |
=i Il 1201
-140 |-
160 L it i e L L) g L LR P 2 MR
1 2 3 4 5 6 7/ 8 9 1 2 3 4 5 6 7
Offset frequency [log(Hz)] Offset Frequency [log(Hz)]
C selector roll-off )

e Prediction is based on the stochastic diffusion (Langevin) theory
e However complex, the Langevin theory provides an independent check

Y.K. Chembo & al., IEEE J. Quant. Electron. 45(2) p.178-186, Feb 2009




145

Amplitude-phase coupling in amplifiers

Dipolar resistance (Q2) Dipolar inductance (uH)

—50 6.8 Ly +
_6.9 Yo
1000 — R, 89
iy A
-150] AL
-200| I e
7.3
=250 Real part 7.4 Imaginary part
-300' I ~7.5]
—7.6[
-350] _ |
Y _ 7.7 y _
400 . | 0|  Current amplitude (LA) i , | 0] . Current amplitude (nA)
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Oscillation amplitude is hidden in the current

* In the gain-compression region, RF amplitude affects the phase

* The consequence is that AM noise turns into PM noise

e Well established fact in quartz oscillators (Colpitts and other schemes)
e Similar phenomenon occurs in other types of (sustaining) amplifier

R. Brendel & E. Rubiola, Proc. 2007 IFCS p.1099-1105, Geneva CH, 28 may - 1 Jun 2007
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Correlation between AM and PM noise

R. Boudot, E. Rubiola, arXiv:1001.2047v1, Jan 2010. Also IEEE T MTT (submitted)

u(t) — i) The need for this model comes from
e LAM PM amplifier I_‘ the physics of popular amplifiers
input L1 [ bl g output

* Bipolar transistor. The fluctuation of the
correlated carriers in the base region acts on the base
X(t) v(t) z(t) noise 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

[-})
(2]
S drain-source current, and also on the gate-
s channel capacitance because the distance
Q. \ .
= between the electrodes' is affected by the
'"':-'-'Ew- - channel thickness.
Re (AM) noise 3  Laser amplifier. The fluctuation of the
1 2 3 -3 pump power acts on the density of the
3+ e T excited atoms, and in turn on gain, on
018 C G | D30T ,iw maximum power, and on refraction index.
g 5.1 d=0.000 2
s 5 s
0+ o 0+ AM and PM fluctuations are
- "?; 3. ¥ .'-‘.._.,‘.1 At - 1= a_. — 1
.| b=0.92% e , —-d=0.7 correlated because originate from
:3 c=d=0 :He (AM) noise :3 . Re (AM) noise the same near-dc random process
3 2 4 0 1 2 3 3 -2 414 0 1 2 3

a+b?+c?2+d?=1
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Parametric noise & AM-PM noise coupling

1115 WA (€7 0 e S S o, (1) < A (s)

|
]
]
[
]
[
[
[
[
[
[
J--
]
:
‘l
[
> |
=\
o |
o
'G:
Vi

i E I\ E vV = 1+0(V
— A !
| z% A (s) L~ | e i) <—>.7lv(s)
' u !
TR : Tt e )

------------- o= L___________._-__???---------': HU(S) + 1— (1 — fy)e—ST
i Amplifier | i 1
E noise w, § Hu(s) = 7= T
L x@®) o X(s) | | o S 1 s e e |
: l ] ) w1l AM-PM !
E @ : E ¥ coupling |
i Wy, i N T A I
5 | W'(t) < ¥'(s)

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

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


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

P T T T T X X XN

Effect of AM-PM noise coupling

—] >

amplifier noise

near-dc
random process

/N

phase gain

amplitude -
[ fluct n/y ] ,_N. A=1-y(u-1) Aﬂu1ctu(at|r;g)j
I = 1=y\u-1)+n
| ! >
1 1 +n/y u
-------------- Secw l'
e - : --------------- .?J'
l
= lp'+‘.|)"
: >
: | u
Y~eea- Leeson
ideal ' :
file: eI:—AM—PM—cpI—amp—OEO 1 1 +n/ Y effect
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loop AM response

loop AM response

---------- ~
tH)
t f >
vf, f, f

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


http://arxiv.org/abs/1004.5539v1
http://arxiv.org/abs/1004.5539v1
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Noise transfer function and spectra

1e405

10000 +
1000 +

100

0.1

[ AM-PM coupling shows up here )

'ambﬁtudehbise TH(GHIAZ "paraﬁm%t%r:s: =
ical-fi i tau=10.0 us
loptical-fiber oscillator O 000
gamma=>0.1

w_gamma=0.5

10+

Agura: sla-OEO-HJul
1 3ource: oaclii-amnolan

E. Rublola rmery 2010

.| frequency, Hz

—l

—r

100 1000 10000 10405 12406

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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Noise spectra

[ AM-PM coupling? 2dBlag |
—4

. | OEOphasenoise
. —35dB/dec [/ Feswswrmr

| Source: 949-OEO-spectra
-/ Plot:SMF_ZD1_bis |
/= E.Rubiola (K.V.) Sep 2009

~100:

[dBrad?/Hz]

.t
)

S

. » oy
Y P

~140}

_160F9-6. ééééfﬁ S R i SN
10 10° 10’ 10 10
Frequency [Hz]

Unfortunately, the awareness of this model come after the end of the experiments

Spectrum from K. Volyanskiy & al., IEEE JLT (Submitted, Apr. 2010)
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-100
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Noise spectra

( AM-PM coupling? )

’A} T T T TTTT] Yaol&alll-l([l)ulall-llé)lopOEIO)I T TTT1

\ Nasa TMO Report 42-135 1998, Fig.6
_ \\ :
H ‘\"\l\ HP 8671B _

SLC OSCILLATOR .
FREE RUNNING A
OEO
I I T R Tn L1 1 1\

10 100 1000 10,000

FREQUENCY OFFSET, Hz

X.S.Yao & al., NASA TMO Report 42-135 (1998), Fig. 6
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Cryogenic oscillator
(Elisa)
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Ultrastable oscillator technologies

le—11 [ 7 1 T T T 1 T L T 1 T 1]

le-12 [

le—13 [

le-14 [

Relative frequency stability

le—-15 [ . . : .
. T<10K : Z Maser
sapphire osc.. : ! !

le-16
0.1 1 10 100 1000 10000 100000

Integration time (s)

Cryogenic Sapphire Oscillator -> frequency stability
Cryocooler -> Autonomy

Challenge : vibrations and temperature fluctuations into the cryocooler
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Sapphire resonator

* Hemex grade sapphire monocrystal

e Whispering-gallery mode, frequency 10 GHz

e Sytnthesizer fixes machining tolerance (= MHz)
e Quality factor Q = 1E9 at 5-8 K

e Temperature turning point
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Stability comparison

le-12 ¢

ULE
le—-13 -

le-14 |

1 c— 1 5 - . R S < A JAN

Stabilit\’e relative de fr\’equence

. -$\sqrt{\tau}$
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0.1 1 10 100 1000 10000 100000

Temps d’integration (s)
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