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Phase and amplitude noise 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

n.(t)| < Vo and |n(t)] < W a(t>=n§/(ot) and @(t) =




Phase noise & friends
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E. Rubiola, Phase Noise and Frequency Stability in Oscillators, Cambridge 2008



Awplifier white noise

Noise figure F, Input power Po
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RF spectrum
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Cascaded amplifiers (Friis formula)
The (phase) noise is chiefly that of the 1st stage
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The Friis formula applied to phase noise
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Awplifier flicker noise

| no carrier \ noise
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(careful, this hides the down-conversion)
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non-linear (parametric)amplifier

expand and select the wo terms

1/ / N/ jwot The noise sidebands are
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get AM and PM noise

The AM and the PM noise are
independent of Vi, thus of power




Delay line theory

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

photocurrent

microwave power

shot noise

thermal noise

total white noise
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total white noise
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Flicker (1/f) noise

+ experimentally determined (takes skill, time and patience)

+ amplifier GaAs: b_1 =-100 to —110 dBrad?/Hz,
SiGe: b_1 = -120 dBrad?/Hz

photodetector b1 = -120 dBrad?/Hz
Rubiola & al. IEEE Trans. MTT (& JLT) 54 (2) p.816—820 (2006)

* mixer b-1 =-120 dBrad2/Hz

* contamination from AM noise (delay => de-correlation => no sweet point
(Rubiola-Boudot, IEEE Transact UFFC 54(5) p.926—932 (2007)

+ optical fiber

* The phase flicker coefficient b-1 is about independent of power
* in a cascade, (b-1)iot adds up, regardless of the device order

_

The Friis formula applies to white phase noise
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Single-channel instrument

EOM SiGe ampli
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* The laser RIN can limit the instrument sensitivity

* [In some cases, the AM noise of the oscillator under test
turns into a serious problem (got in trouble with an
Anritsu synthesizer)




Measurement of a sapphire oscillator

Mesure de bruit de phase oscillateur Saphir (Ampli Miteq) avec différents retards optiques
! CooT T T ! oo ! T T
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* The instrument noise scales as 1/t1, yet the blue and black plots overlap
magenta, red, green => instrument noise
blue, black => noise of the sapphire oscillator under test

e We can measure the 1/f3 phase noise (frequency flicker) of a 10 GHz
sapphire oscillator (the lowest-noise microwave oscillator)

* Low AM noise of the oscillator under test is necessary
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Basics of correlation spectrum measurements

a(t)

phase noise measurements

|

DUT noise, a, b instrument noise
2 normal use DUT noise
C(t)

background, b |instrument noise
y=c—b ideal case C no DUT
b(t) CP background, instrument noise

with AM noise AM-to-DC noise

FFT
analyzer

Sl b= I XTTH W. K. theorem

i =YX L measured, m samples

a, b and c are incorrelated

expand X =C —-—AandY =C —B

Sirt-— 1Sl a, b, ¢ independent Averaging on a sufficiently large
number m of spectra is necessary
Syz =19cc 1O/ L) measured, m samples to reject the single-channel noise




Dual-channel (correlation) instrument

Salik, Yu, Maleki, Rubiola, Proc. Ultrasonics-FCS Joint Conf., Montreal, Aug 2004 p.303-306

electro-optic photodetector

semiconductor optical modulator microwave pC
isolator \ fiber delay amplifier  amplifier

Iaser\

microwave

isolator -
} F
e = \ phase F
Q‘ coupler shifters T
oscillator to
be measured —
D>

dual-channel
FFT analyzer

uses cross spectrum to reduce the background noise
requires two fully independent channels
separate lasers for RIN rejection

optical-input version is not useful because of the
insufficient rejection of AM noise

implemented at the FEMTO-ST Institute




Dual-channel (correlation) measurement

~ residual phase noise (cross-spectrum),
... ..short delay (T=0), m=200 averaged spectra, ..
-~ unapplying the delay eq. with T=10 ps (2 km) - =

. Fourier frequency, Hz |
10’ 102 10° 104 10°

J.Cussey, feb 2007 - - - |

the residual noise is clearly limited by
the number of averaged spectra, m=200




Measurement of the optical-fiber noise

CATYV laser diode Intensity

2=1,31 pm modulator @ D
2 km

T Photodiode AV

FFT Analyser
(HP 3562A)

Reference
oscilator Variable
(saphire) phase

"
CATYV laser diode Intensity
2=1,31 pm modulator

Photodiode =AML

e matching the delays, the oscillator phase noise cancels

e 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




Phase noise of the optical fiber

T % 2 5 ol : IR J TR REEL '
gRe_siquaI phase noise of optical lines, with saphir oscilator :

17 May 2007 200 Avg

*The method enables only to assess an upper bound of the fiber noise
b_1 = 5x10-12 rad?/Hz for L = 2 km (—113 dBrad?/Hz)

*We believe that this residual noise is the signature of the two GaAs
power amplifier that drives the MZ modulator




Delay-line oscillator
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Polarization

Pump laser controller Delay line
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E. Rubiola, Phase Noise and Frequency Stability in Oscillators, Cambridge 2008



Delay-line oscillator

Phase noise of the opto-electronic oscillator (4 km)

our OEO
b_,=1073 (-30dB)

//

Sc(f), dBrad?/Hz

Agilent E8257c, 10 GHz,
low-noise opt.

1
/ Wenzel 501-04623 OCXO
100MHz t. to 10 GHz
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i |

E. Rubiola, jun 2007

OEO: Kirill Volyanskiy, may 2007

10 10° 103
frequency, Hz

1.310 nm DFB CATV laser
Photodetector DSC 402 (R =371 V/W)

RF filter vo = 10 GHz, Q = 125 expected phase noise
RF amplifier AML812PNB1901 (gain +22dB)  b-3 = 6.3x10-* (-32 dB)




Nonlinear model

Anger-Jacobi expansion
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A complex envelope equation

The complex envelope amplitude of the microwave obeys the equation

. Y mi s 1T TAl [O] i { Y — T.(~+)/y isthe Bessel-
— A — 2u~ye Je1 2| Ar||Ap  where  Jey(x) = Jy(x)/a kel y il

Looks like sinus
cardinal, but the

i = Aw/2 = half-bandwith of the filter (= 211 x 10 MHz) o of 1

Y = B sin 2¢ = effective normalized gain (can vary from -5 to 5)
o = (,T=microwave round-trip phase shift

The solutions of interest are:
ZA(t) =0 (no oscillations)
»A(t) = C* # 0 (pure monochromatic)

These states are fixed points of the envelope equation.

We have to study the existence and the stability of the fixed point solutions,
particularly for the solution A(t)=C # 0 which is of great
technological interest.




Stability of the oscillating solution

It corresponds to the solution A(f) = A, # 0 with

|
](1[2|f10|] = ——'7

¢) A';
- '

Perturbation equation

SA = —p- 0A — 2py{Jeg [2| Ao + 2| A4, | ey (2|4, 16 AT

Stability condition

l 1 |“‘10’]‘{1[2|A0H
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( < — fulfilledwhen 1 <~ < 2.3, whene ™7 = —1
](1[2|A0H 2

What does occur beyond 2.3 777




A Hopf bifurcation

Gain<2.3 Gain > 2.3
A=A, A=A, +a_ exp[i Qt]
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The bifurcation at y=2.3 should qualitatively modify
the Fourier spectrum of OEOs




Hopf bifurcation, observed

Before the bifurcation At the bifurcation After the bifurcation
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The Hopf bifurcation leads to the emergence
of robust modulation side-peaks in the Fourier spectrum, which
may drastically affect the phase noise performance of OEOs




Swall resonators

Technology development in progress (quartz CaFz, MaF2)
A bunch of technical problems (and Ryad Bendoula lef1)
Taper coupling still problematic

some inferesting phenomena observed

Institut FEMTO-ST WD= 18 mn
11-Jan-2007 EHT=15.00 KV




Raman oscillations

Raman oscillations Raman oscillations

-40 T T T T T T - T T T
876-raman.csv 878-raman-laser.csv

-60

-80

-100

-120

power, dBm
power, dBm

-140

-160

-180

-200

2220 | | | | | | | | | ; |
1641.7 1641.8 16419 1642 1642.1 16422 16423 16424 16425 16426 16427 1600

wavelength, nm wavelength, nm

*The Raman amplification is a quantum phenomenon of nonlinear origin
that involves optical phonons.

eAn amplifier inserted in a high-Q cavity turns into an oscillator, like
masers and lasers.

eOscillation threshold ~ 1/Q2
e|n CaF2 pumped at 1.56 pm, Raman oscillation occurs at 1.64 pm

*Due to the large linewidth, the Raman oscillation appears as a bunch of
(noisy) spectral lines spaced by the FSR (12 GHz, or 100 pm in our case)

eRaman phonons modulate the optical properties of the crystal, which
induces noise at the pump frequency (1.56 pm)




CaF:z
optical
resonator

High temperature gradient

ecross section of the field region 1 um?2
eCaF> thermal conductivity 9.5 W/mK
edissipated power 300 uW
ewavelength 1.56 um

eair temperature 300 K
ostill air thermal conductivity 10 W/m2K
esimplification: the heat flow from the mode region is

uniform

bottom plane at a reference temperature

iInner bore at a reference temperature

" NODAL SOLUTION
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amplitude, au

Therwmal effect on frequency

ewavelength 1.56 um (vo=192 THz)
eQ=5x10° — BW=40 kHz

CaF *a dissipated power of 300 uW shifts the resonant
optical ® frequency by 1.2 MHz (6x10-9), i.e., 37.5 x BW

resonator etime scale about 60 us
eQ>10"1 is possible with CaF2 and other crystals!!

laser scan calibration (2 MHz phase modulation)

Thermal effect in a CaF2 resonator Thermal effect in a CaF2 resonator (calibration)

T T T T T T T . T T T T T T T T
887-thermal.csv 893-thermal-calib.csv

e

amplitude, au

16 -14 12 -10 -8 -6 4

time, ms (wavelength) time, ms (wavelength). calibration lines +/- 2 MHz



Low-power oscillator operation

Assume: A =1560 nm R =50 Ohm
p=08AW (PA)peak = 2x102 W (20 pW)

Shot noise (m=1) Thermal noise (m=1)

1 1
Ipnps = 7 Inpms = NG pP

T am AkT AFET
St =2ql = 2q pP) -~

pP

SNR =

In practice, —131 dBrad?/Hz In practice, —110 dBrad?/Hz
with F=0 dB (I!!)

eThermal noise is dominant: below threshold, SNR ~ 1/P2

eThermal noise can be reduced (10 dB or more?) using VGND
amplifiers

eWhat about flicker of photodetectors with integrated VGND amplifier?
eDramatic impact on the (phase) noise floor




