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Oscillator Theory (Leeson Model)
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Conventional Approaches for High performance
Microwave Oscillators

s L AT S —
= Start with a good quartz oscillator at ~ 100 MHz and multiply up

» Noise also multiplies at 20 logIN with N the multiplication factor

» Usually complex chains, requiring low noise amplifiers, mixers, etc.
= Use a high-Q microwave cavity

m () degrades with frequency (QF~ a constant)

= High Q cavities sensitive to environmental perturbations

®  Highest spectral purity at f > 16 GHz obtained only sapphire or air-gap
cavities: large power consumption, and large size {shoe-box and larger)

Susceptible to EMI

Can’t meet high end applications’ requirements for temperature stability,
acceleration sensitivity, etc.without adding to mass/size
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Why Optical Techniques

m  Microwave signal is generated by photomixing of two or more optical
frequencies, or sidebands

= Not limited by RF components (except amplifiers)
m Can be made at any microwave frequency
= Approaches available for tuning with high performance optical filters
m  Loss for these sidebands is about the same regardless of the sideband
frequency, thus Q does not degrade
m Optical guides, cavities and filters have intrinsically lower loss than
microwave counterparts

m  Because of the small optical wavelengths, optical devices are intrinsically
small
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Basic Photonic RF links

Directly modulated Link Externally modulated link
RF signal drives an E/O modulator
external to the laser

RF in Fiber RFﬂout REin  pmper RFioul

RF signal directly drives the laser
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| * Bragg gralings arc narrow
band reflectors

* Optical feedback provided

Commonly used lasers for RF systems

Distributed Bragg Diode-pumped
Reflector (DBR) Laser solid-state laser

Giratings \ * Solid state gain ‘
medium  pumped by I l Laser rod B

diode lasers

* Optical feedback through SR LT B | « Narrowest spectral Diode laser bat
grating reflection width l
* single/multimodes operation * Lowest noise
* Most expensive
* Less reliable
Fabry-Perot laser Distributed feedback laser

(F-P laser) (DFB laser)

Grating
* Optical feedback provided

by the end mirrors ; by the grating on top of the [0
* multi-longitudinal modes E - gain medium i Gain mediuvm
* higher noise due to mode * single longitudinal mode .
competition * lower noise
n’nvclcnsﬁ\
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Commonly used Photodetectors

InGaAs PIN photodiodes (0.8 - 1.7 um)
High responsivity: up to 0.95 A/W commercially available
High saturation power: up to 15 mW commercially available
High speed: up to 25 GHz commercially available
Lowest dark current: >0.1 nA (intrinsic noise)
InGaAs Schottky photodiodes (0.95 - 1.65 um)

— Lower responsivity: ~ 0.4A/W

— Highest speed: 60 GHz commercially available

— Low saturation power: ~ 2 mW
Ge PIN photodiodes (0.8 - 1.8 um)

— High responsivity: ~0.9 A/W

— Higher dark current: ~ 1 nA
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Common Modulators

Mach-Zehnder modulator Directional coupler modulator

Opicel i“ Optical outs Optical in  Optical outs

RF in

RFin4
* Wide Bandwidth: up to 100 GHz
* Good linearity
* No chirp (good)
* Well developed, widely used
* High drive voltage ==>

* Potential large Bandwidth

* Not well developed

* Not as good linearity

* Modulation chirp

* High drive voltage ==>
High RF insertion loss

High RF insertion loss
Electro-absorption modulator
Laser ) * Wideband width: > 60 GHz
% el ot * Easy integration with diode lasers
RF ind * Extremely compact
* Low drive voltage * Modulation chirp (not good)
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Other photonic devices

Directional couplers (ratio: 1 - 50%, backreflection < -65 dBo)

Isolators (insertion loss: < 0.6 dBo, isolation > 40 dBo)
Circulators (insertion loss: < 0.8 dB, isolation > 40 dBo)
Polarizers (insertion loss: < 0. 4 dB, backreflection < -60 dB)
Polarization controllers (no loss, no backreflection)

Filters (insertion loss < 0.5 dB, BW: 0.8 nm and up)
Faraday polarization rotator and mirror

connectors: Physical contact (PC) and angled physical contact(APC)
m loss < 0. 25 dB, backreflection: PC < -40 dB, APC < -65 dB
m  Fiber optic amplifiers: doped fiber & semiconductor




Photodetector as a mixer

Power Law Photodetector ==> acts as a mixer

Photoctarent T ~ IE2

(Asin2nf, + Bsin2nf,)2

fl f, Optica‘rfreq. ==>(f; + ;) and (f; - f;)
4
[ LO - LO N
| ) |
e | e | L.
fo

Optical carrier

Modulator & photodector combination == signal up or down conversion
LM, MTT 2005

Features of Signals Generated by Photo-
mixing of Lasers

Simple approach requiring two lasers with narrow linewidth

Can be used with lasers that are phase, frequency, or injection locked
Highly tunable over a long range

The microwave beat signal limited by laser linewidth, set by lasers or

by lock oscillators
¥

Reference A

Source @
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Example of a High Frequency Beat Note generqator

FP-cavly
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Three-laser synthesizer for THz, Matsuura, et al., IEEE Trans. Microwave Theory and Technigue, 2000

LM, MTT 2005

» Spontaneous emission is a noise with white
frequency character, and a linewidth “Schalow-
Townes” that is:

Ap — ahc® \ T*v
5T ar |I*P,,

2
Ay = ﬂsz, so that we have: —» L(f)= !

217
2-frequency laser beam RF out
f1, fz |f1 'fz ]

optical cavity
{length reference)
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Opto-Electronic Feedback

e Start with a Photonic link

Fast detector

e -Gk

+ Close the loop with gain and in phase
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OEO

+  QEO s a generic device: various configurations of lasers, modulators,
optical delays can be implemented

+  OEO lends itself to diverse architectures (dual loop, Coupled OEQ,
etc) to support diverse applications

+  QEQ’s performance will improve with improved components
(amplifiers, lasers, modulators, detectors, optical delays)

+  QEQ is ideal for opto-electronic integration

* The OEO signal is available both electrically, and on an optical carrier
The COEOQ version generates short (sub-picosecond) optical pulses
with lowest jitter

+ OEO cab be phase locked, frequency locked, self locked, and used as
aVCco

« The microresonator based OEO has a small size, low power
consumption and intrinsically low acceleration sensitivity

+ Unigue microresonator based optical filter enables widely tunable
osgillator
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OEO vs. van der Pol Oscillator

van der Po! Oscillator

Opto-electronic Oscillator

Electrical path

Electrical
oulput

Phoetedetector

Electrical
signal splitter

Electrical
Amplifier
High Q resulting from the low loss fiber => Low phase noise
High frequency resulting from fast photonic devices

Widely tunable

ip Plae curent v iph Photocurrent
<3 pB* <}
LC tank A
"
P delay
Vi ﬂ Vi
Hectrons | Cathode —
tHb— kHz to > 70 GHz
kHZ S mn 4 D Losser
Low Q & Low Frequency High Q & High Frequency
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OEOQ Features
Pump Laser B[O Intensity Optical Fiber Spool
Ef 2
Optical Fiber

Both electrical & optical outputs ==>No E/O & O/E conversion required

Can be locked to a master reference either optically or electrically

Meets the requirements of RF photonics systems
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Important characteristics
of the OEO

« High spectral purity due to long optical storage time provided by the
fiber in a closed loop.

s The quality factor (RF Q~105-10¢) is proportional to the oscillation
frequency, leading to noise level performance that is
independent of frequency.

c

* The mode spacing is related to the inverse of loop trip time: = T
n .

where c is the speed of light, n is the fiber refractive index
and L is the fiber length.
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OEO

Some significant features
» OEO is a generic device: various configurations of lasers,
modulators, optical delays can be implemented

» QOEO lends itself to various architectures {dual loop, Coupled
QEOQ, elc) to support diverse applications

« OEQ's performance will improve with improved components
(lasers, modulators, detectors, optical delays)

» OEO is ideal for opto-electronic integration

+ The OEOQ signal is available both electrically, and on an optical
carrier

» The COEQ version generates short (sub-picosecond) mode
locked optical pulses with lowest jitter

LM, MTT 2005
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10 logSp(f)

o
1 8 Ser(f)=
M=o I G120+ @) (fe)
2 2 5 i 6 = pfnG /Po
g=Jo = 28T Lo , .
AF 6 b T; Loop time delay
Lo f: Frequency offset
f | : Po: Oscillation Power
fﬂ Frequency
pj ==>Input noise power density

pin = Thermal noise + Shot noise+ Laser RIN noise

* Noise decays with f: 20 dB/Decade Typical § - 5 x 10-17/Hz
* Noise decays with 1: 20 dB/decade FortT =6 ps (1 km fiber)
* Noise is independent of oscillation frequency fo. Q~4x10°% £, (Hz)

* (Q increases with .
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Noise Sources and Effect on Phase Noise
For OEO with 2km Fiber Length
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Typical phase noise of an
OEO (10GHz)

40

0 OEwaves OE1260

-80

-100

-120

-140

Phase Noise (dBc/Hz)

-180
10 100 1000 10000 100000 100000C 10000000

Offset Frequency (Hz)
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Other pertformance
characteristics

+ Fixed frequency fro%fl\/uﬂz% Q&g)and beyond.

» Harmonics —40dBc.

* Frequency vs. temperature slope of —0.1ppm/°C.
= Allan deviation of 2:10-"" at 1sec.

* Frequency stability of 0.02ppm over 1 hour.

+ Phase locking achievable through VCP.

+ Vibration and acceleration sensitivity at 10-1%g.

LM, MTT 2005
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Multi-loop tunable OEO

Optical Fiber {L )

1
1
1
1
|
J— - I
Optical Ciptical Fiber (L.,) :
Modularor H
1
i Optical Fiber (Ly) !
""""""" (( 1
. 1
1
--------------------------- 1
YIG
RF X RF t=t Tunable =t RF -
Output Coupler Filter Amplifier
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-20
-30

=120

Phase Noise (dBc/Hz)

1000

QOEO phase noise level that is
better by ~30dB compared
with any commercial free
running YIG tunable oscillator

1000C 160000 1000900
Offset Frequency (Hz)
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Packaged OEO with Vibration Compensation

» Packaged OEO with vibration compensation (reduced
the acceleration sensitivity).

Phase Noise
(f,=6.12GHz, with 4km fiber as the festing delayline)
2 I
Vibration Test Results (withaut fber delay line comp A
OEO-2, Fe=11.763 GHz, Fy =40 He, Value in 10 '%G b
i~ T T I T Tl
1 0713 0.650 | 32250 32.213 el by
2 0,485 0900 | 32146 32.162 -] LY
3 0,453 1124 | 0870 30,894 550 = .‘:...\!:,\J\_ — 11
4 0.584 0982 | 31484 | 01,505 | & -60) b
5 0.556 0.485 | 33.886 33.894 70
Average 0.554 0.828 | 32.129 32.144 . W]
z
Vibration Test Results (with fiber delay line conpensation) .50 &
OF0.2 Fe=11763 GHz Fv=40 Hz Valueqn 10%G 2—‘\0 g
Number of Tast x Iy rz rT LS +
1 0.713 0.650 0.870 1.368 0
2 0.465 0.500 1.140 1.525 1 ]
3 0453 | 1124 | o460 | 1296 | -13 %
4 0.584 0.982 0.820 1.408 14
5 0.556 0.485 0.740 1.045 1 10 100 10000
Average 0.554 0.828 0.826 1.204 Offset Frequency (Hz)
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OEO and Optical distribution of Reference Signal

OEO Module Advantages:
* Dual electrical & optical outputs

Integrated Laser/Modulator

1iA gli%!ulm'; Optical m,l * High spectral purity, low phase noise
1. * Frequency up to 100 GHz

* Compact & potentially low cost
* Tunable & VCO

* Eliminate external LO ==> lower cost

No external LO needed

RF, RF

Transmitting Receiving

IF/Data

53 LM, MTT 2005
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Microsphere -- a low-loss photon trap, novel optical (micro)cavity
Whispering-gallery modes - closed circular waves under total internal reflection

(Term by J.W.S.Rayleigh, analogy to acoustic modes in the gallery of St Paul cathedral)

Sustained in any axisymmetric dielectric body with R = A
low material loss (transparent material, e.g fiber grade silica)
low bending loss (R >> A)

low scattering loss (TIR always under grazing incidence

+ molecular-size surface roughness)

Quality-factor Q = MAkggs - up to ~10'

Photon lifetime 1=AQ/2mc - up to ~3us
: . i Visualization of WG mode lield
(cavity ringdown time) by residual scattering in silica

microsphere, V.S.JIchenko et al,

visible and near-infrared band: Opt.Lett. 21, p453 (1996
Mieandne ¢ e pA23 (1550 Opt.Commun, 113, p.133(1994)

Optlen 23 p 247 (JO9K)
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Opto-electronic Oscillator on Chip

Electro-absorption
modulator section

Gain section Microsphere

Gain section
A gap to induce reflection

Photadetector (reversely biased electro-absorption modulator)

LM, MTT 2005
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COEO

ISystems under developmentl I Research objectives ] I Applicaticns: I

— e —

Opto-clectrenic Ultra-fast fiber
oscillator (OEO): communication

ultra-low phase noise
Coupled "Ul.tra-l;)'w ) Fast sampling
QEOQ J'ttfr ‘-"tp l,ca and optical
{COEQ) pulse trains analog-to-digital

Er+ doped fiber

COnYersion
Precision optical
mode-locked laser:

amplifier (EDFA)
measurement and
ps pulse train generation opto-electronic

\ material research

Approach 1:
Direct phase- Optical-microwave Simpte, compact,
locked MLL frequency stability portable system of

stable microwave
sources, compatible to
fiber telecom system

transfer

Approach 2:
Cavity-based OEO;
higher stability possible

LM, MTT 2005
Mode-locked Laser (MLL), Opto-electronic Oscillator (OEQ)
and Coupled Opto-electronic Oscillator (COEO)
T i T T T T T T T 7
| bandpass
| filter |
dispersion | (a} COEQ
| ('Olnpl."llﬂltil'lg |
| R high Q filter
| |
L__ = I l I
10 GHz low 10 GHz <h
h i ) dpus ase z short
;i::‘,:wr:\n;:e Ampiier e e ftecter optical pulses
high Q filter
OEO
LM, MTT 2005
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Locking modes

£
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9.2 GHz
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g
" 2 ps pulse every ~100 ps
i 3.
& %
& %,
2 4 6 8 10 12 14
Time delay, ps 825
E
20
z
Q
815
8
8.10
0.05
0.00 - :
1548 1.549 1.550 1.551 1552
Wavelength, um
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Coupled opto-electronic oscillator

100 m DSF thermal

~—"anclosure

EDFA | 7

//
f\ electro-optic optical

modulater PM TIE{PM ,E/[BS QOO/
. = ~
DC bias BW=3 nm polarization
photo-
RF out controller detector
> phase  pw=2 var
T RF !
shifter MHz  atten
amp < |
~

LM, MTT 2005

Measured Phase Noise of the COEQO

20

1’hase Noise, dBc/Hz

T T T T

18 10

Frequency, Hz
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Small Signal and off-Resonance Responses

weak
signal
RF
[
\
z
&
E
o
i . § . L HL f—— — —
° s demg 1 * £ 50 us decay time
o ) | | Av= 6.4 kHz
Fignre 2. The messured microwave Froqueney response ! .
of the laser Joep. A Loventzan At gives 3.5 kHz FAWIHA [ 100 150 2460
Tune {ns)
LM, MTT 2005
Experimental Verification of Leeson Frequency
autput
MLL vl
40 2
_ - _:_ _____ T____r__._m_w_m '|nmu] \
() i | ‘ — 3 0T White noise
I {3 nm
8 -60 T o e ]
ho -
p 1.5 kHz |
@0
@ B0 e R
ﬁ A
5 oy
B 100 4 — e b
% :"'\w.
U3 A - White noise
-120 repy
10" o® 10
Fregquency (Hz}
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Noises in the Mode-locked Laser As Filter

Noise source in the rf detector: laser guantum noise, photon shot noise, alf white noise. No

flicker that exisis in electronic amplifier.

1) Photon shot noise power S,(f) = 1/N. Typical optical power at detector 1 mW, N=10'¢, §

A() = -160 dBc.

2) Spontaneous emission, one photon per cycle/Hz per second, hv, = 1.3x10'8 W/Hz = -160

dBm/Hz.
3} For comparison, amplifier thermal noise KT = -174 dBm/Hz.

Equivalent phase noise of the MLL laser as an rf filter:

The regenerative process in the loop amplifies the spontanecus emission by G, within the

regenerative handwidth with the gain-bandwidth product a constant Af

m
w i
< 1 1772
= H
;}8— G2 =(Af JAf R i

¥ | SN

Af Al

Relative high circulating
optical power and free
of flicker noise.
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Analysis of the Measured Oscillator Phase Noise

-0

-0 —

-60

-100 —

gV, |

Amplifier flicker
(measured}

-120

Phase Noise, dBc/Hz

-140 —

Shot noise

— COEG
— AMPLIFICR

thermal

T T T T rife T Tt T rPTiT —

i 2 3

10 10 10
Frequency, Hz
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Oscillator Noise Measurement Technique

Photonic delay line with
cross correlation

0

2
_:5_’ -40
% 804
¥
= Please come to two talks FC1 H-
o 1204 4 and FC1 H-5 on Friday on PN
% measurements with photonic
i delay lines.

-160 T T t T

2 3 Bl
10 10 1 10 ins 10
Offset frequency, Ha
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0
The frequency of aﬁmode issimply Fy=N*f ﬂ

Where N is and integer ~ 10

>

o

Frequency

f=l/t, f,., ~ 1000 MHz

LM, MTT 2005
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Optica

| Clock with a

Femtosecond Synthesizer

PLL 1 |-

'}

£+100

Femntosecond Laser +

Microstructure Fiber
[}

M,

$. Diddams, ¢f «f, Science 293, 825 (2001)
Reviews:

1EEE JQE, Dec (2001}

1EEE JSTQE (bp (2003)

PLL 2 | fhl;'_l Optical Standard (f,;5 )

p Clock Output
14100 v
=—>| fi=fy+m

{m~10%)

LM, MTT 2005

Hyper-parametric oscillations in fluorite resonators

frequency| coupling—
lock prism

; CaF, resonator

Transition diagram

Q=2x10"at A =131

Selection rules
FWM: TE-TE
SRS TE-TM

| :
be | T ¥ ' Qpse
signal|
gnat Wy @
! Ly
Onm Optical spectrum
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Microwave beat note observed

8554 B 566

8 563

8.50 8.55 8.60 8.65

Frequency, GHz

er. dg
S

4 Micg’?wavg
(=] o

[=]

Noise fioor

o
o

0.2

375> Second-order (20, } beat note is insignificant

04 06 08 1.0
Optical power, mW

5= Raman scattering is not observed {expected at 322 cm7)

A.A.Savchenkov et al.,
Submitted 1o PRL (2004)

Noise sources in photonic systems

DL e TR L E R I R S b P )

Thermal noise: kT
Shot noise: 2elR

5 e R

Laser RIN (relative intensity noise): <DP2>/P2

1/ RIN (at < 10 kHz)

Relaxation oscillation RIN peak

Interferometric noise

Double Rayleigh scattering noise

Brillouin scattering caused noise

Fiber dispersion mediated noise

Fiber thermal noise

46
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White Noise

|
B e N
= -l60 —
o L~ ,--‘:
. ¥ .
7
3 -180 —— Thermal noise
] — Shot noise
k=t — RIN noise (RIN: -160 dB/Hz)
= -9 —— Total noise
| I I I

0 1 2z 3 4 5 6 7 8

Phatocurrent (mW)
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1/f RIN & Relaxation Osciilation RIN

= 90 dB/Hz Typical diode pump YAG laser

% , -115 dB/Hz

2 -135 dB/Hz

o |

Z

=

Z

E < -160 d"]|3/HZ
1 Hz 10kHz 200 kHz 10 MHz

Frequency

* The low frequency 1/f noise & relaxation oscillation peak
will be multiplied up by the modulator & affect the signal

LM, MTT 2005




Fiber thermal fluctuation noise

Just like Johnson’s noise, fiber’s
refractive index fluctuates with kT

First studied by fiber gyro researchers

For 9/125 um fiber @ 1.3 um

<Al>/f = <AL>/L ~1071%/1.172

L = 100 m ==> <Af>/f ~ 1013

L =10 km ==> <Af>/f ~ 11

Fiber dispersion mediated noise

Dispersion: different light frequency
“see” different fiber lengths

Optical frequency fluctuation
==> RF phase fluctuation

For standard single mode fiber,
1 nm away from zero dispersion:

<Af>/f =<AL>/L ~ 0.6 x 107 Av/v
Av/v: laser frequency stability

Av=10"10=—2 <Af>/f = 6x 10°13

LM, MTT 2005

APPENDIX

LM, MTT 2005
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Optical
bandpass
filler

Lsolator

MZ modulsator

Ret Carruthers et al., Opt. Lett,, v23 (1996}
Yoshida et al., Eleotron. Lett., w32 (1996);
Lia ab., IEEE Photon. Technol. Lett,, vI2 (2000

[kt

synthesiz

Q 5
Fiber delay fine |4

Pholurcoed vey

Bundpuss
smplifier filter Phase shifter

e~

LM, MTT 2005
Experimental Setup Details
100 m DSF _thermal
EDFA @ _—enclosure
qop T e optica

electro-optic optical
modulator filter  ~PBS
PM A3

DC bias

RF out

shitter ppz

controller

RF Phase Bw=2 low

var

-
g
N

LM, MTT 2005
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Advantages of Optical Fiber

= Wide Bandwidth ==> High frequency
= 20 MHz-km (multimode) to > 100 GHz-km (single mode)
= With wavelength division multiplexing, > [ Tb/s over 600 km demonstrated.
m  Low Loss => High Q delay line for low phase noise
m ~0.5dB/km (@ 1300 nm, 0.2 dB/km @ 1550 nm
®  Low thermal-induced delay change ==> High stability
= Single mode fiber: 7 ppm/°C, Special fiber: < 0.1 ppm/°C
No RFI or EMI problems ==> Immune to spurious noise sources
Electrical isolation between ends
No ground loops
Small, lightweight, & corrosion resistant

Material is plentiful & inexpensive

Cost/capacity ratio is extremely low

53

How Fiber Works
Snell Law

Reflection Total Internal Reflection

Mirror

Po \

Critical angle

nz (High index of refraction)

All mirrored surfaces have loss!!
No Loss!!

*n=c/v
¢ = the speed of light in a vacuum (3 x 10® m/s)
v = the speed of light in the material (~ 2 x 10% m/s in glass)

* The index of refraction of glass can be changed by adding
impurities (doping)
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Basics of Optical Fiber

History
1910: Concept conceived by Hondros & Debye

1915: Existence of a dielectrically guided wave demonstrated by
Zahn, Ruter & Schriever

1959: Waveguide modes in optical fiber observed by Snitzer &
Hicks.

1965: Fibers with a loss less than 20-dB/km for fiber optic
communications proposed by Kao.

1970: Practical fiber with 20 dB/km ioss announced by Kapron,
Keck, & Maurer.

1972: 4 dB/km loss fiber developed by Corning.
Today: Fiber has a loss of 0.2 dB/km @ 1550 nm

LM, MTT 2005
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