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Optical Wavelength Conversion	



 Process of transferring data from one optical wavelength to 
another without modifying the content of the data	



 Two main approaches	


 Optical electronic 	



 Optoelectronic optical (OEO)	


 Optoelectronic IC (OEIC)	



 All-Optical	


 Each approach employs one or a combination of physical 
“nonlinear” process to transfer data between wavelengths	


 Free carrier modulation (governed by carrier dynamics)	


 Bound carrier modulation (ultra-fast response time > 1THz)	


 Field modulation	
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Optical Wavelength Conversion Metrics	


Metric	

 Description	



Modulation and Format 
Transparency	



The range of modulation techniques and bit formats that can be transferred from the input to 
the output (incoherent, coherent, multi-level, RZ, NRZ, etc)	



Bit Rate Transparency	

 The range of bit rates (hi and low) that the converter will operate without major adjustments	



Conversion Efficiency	

 Average power in the output wavelength relative to the input wavelength 	



Conversion Extinction Ratio	

 Ratio of the average power in the original and new wavelengths at output	



Modulation Extinction Ratio	

 Ratio of the power in the “one” bit to the “zero” bit at the output converted wavelength	



Input Optical Bandwidth	

 Range of input wavelengths over which required optical performance at output can be 
achieved	



Output Optical Bandwidth	

 Range of output wavelengths (converted)	



Self-Conversion	

 Ability to convert input wavelength to same wavelength at output	



Input Dynamic Range	

 Range of optical input power at original wavelength that achieves required performance	



Polarization Dependence	

 Sensitivity in optical output signal (efficiency, etc.) to changes in input polarization state	



Sensitivity	

 Minimum optical power at input to achieve minimum required BER	



Regenerative Capability	

 1R, 2R or 3R regenerative or regenerative capable	



Polarity	

 Inverting and/or non-inverting digital operation	



Noise Figure	

 Ratio of input to output SNR	



Chirp and RIN Penalty	

 Addition of chirp or RIN to output signal relative to input signal	
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Wavelength Conversion Processes	



OEO	

 OEIC	



Free Carrier Modulation	

 Bound Carrier 
Modulation	

Field Modulation	



All-Optical	



Free Carrier Modulation	



Semiconductor Optical Amplifiers (SOA)	



Cross Gain 
Modulation (XGM)	



Cross Phase Modulation 
(XPM)	



Injection Locked Lasers	

 Optical Fibers	



Cross Phase Modulation 
(XPM)	



OE	



Four-Wave Mixing 
(FWM)	

Four-Wave Mixing 

(FWM)	



Lithium Niobate	



Difference Frequency 
Generation (DFG)	



Field Modulation	



Electro-Absorption 
Modulators (EAM)	



Cross Absorption Modulation 
(XAM)	



Cross Phase 
Modulation (XPM)	



Photocurrent Assisted 
Modulation (PAM)	
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Wavelength Converter Function	



Laser !
Source!

Data modulated λin!

Wavelength select 
if tunable!

Optically or!
Electrically!

Driven !
Modulator!

Optical!
Filtering!
Element!

λout!

λout!

•Optically driven requires 
some form of nonlinear 

optical medium!
•Electrically driven requires 

OEO!

•Optical filtering required 
if signals are mixed in co-

propagating geometry and 
can be located in various 

places in converter!

λin+ λout!
!
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OEO	



  Data is fully converted to 
electronics	



  Electronic thresholding is used 
to re-shape the data (2R) and/or 
clock recovery is used to re-
shape and re-time (3R)	



  Laser and external modulator (or 
direct modulation) is used to re-
transmit regenerated data on 
new wavelength	



  Digital logic largely decouples 
design requirements for detector 
and modulator	



λin! Receiver!

Laser! Modulator!
λout!

λin! Receiver!

Laser! Modulator!

Clock and!
Data Rec.!

λout!

2R OEO	



3R OEO	



Amplifier	



Amplifier	
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OEIC	



  This technique involves a back-to-back detector/externally modulated laser. Data is converted 
(as in OEO) to electronic domain and used to re-modulate as laser. The difference is that no 
electronics are placed in between the detector and laser.	



  The design of the detector and modulator each have unique set of constraints. Hardwiring the 
two together means there has to be a balancing of the requirements for optimal detection and 
modulation.	



PD 

Laser 

Bias 1 

Pre Amp 
SOA 

Bias 2 
Bias 3 

Bias 4 
Post Amp 

Current monitor 

Direct Drive Configuration	

 External Modulator Configuration	



PD 

Bias 1 

Pre Amp 
SOA 

Bias 2 
Modulator 

Bias 4 
Post Amp Laser 

Bias 3 λin	



λout	


λout	



λin	
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OEIC	


  Issues	



  Optical pre-amplification critical to boost input signal in shot noise limit for 
photodetector	



  Optical-preamplifier must be linear (no distortion, no bit-patterning)	


  Photodetector must be designed to balance speed, responsivity and ability to drive large 

enough photocurrent with output load.	


  Approaches	



SGDBR 

On chip amplifiers 

QCSE EAM 

PIN-PD 

Integrated uni-traveling carrier photodiodes, high 
saturation power SOAs, tunable laser and EAM 

M. Sysak et. al. (UCSB) 

Receiver SOA 

SOAs 
SGDBR 

QW Detector 

MZ 
Phase 

Mach-Zehnder 

M. Sysak et. al. (UCSB) 

Hybrid SOA preamplified receiver and MZ Interfermeter 
(MZI) tunable transmitter 
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Free Carrier All-Optical: SOAs	



  Semiconductor Optical Amplifiers (SOAs)	


  Intensity of data modulation produces changes in gain (and phase via 

Kramers-Kronig) in the SOA	


  Input driven changes in gain (phase) in SOA can be used to modulate 

information onto new optical carrier supplied by local laser source 
(can be tunable).	
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SOA Cross Gain Modulation (XGM)	


  Input data is intensity modulated on λin (probe). Induceds gain compression in the SOA that is seen by λout 

(signal).	


  Data is inverted	


  Extinction ratio at output is lower than at input	


  Asymmetry in wavelength up-conversion vs. down-conversion due to wavelength dependent saturation 

power	


  Co-propagating probe and signal need for high bit rate (>10Gbps) operation. Therefore need filter for 

signal separation.	



Ec

Ev

Pin GPin+ PASE

Ast AstAsp

ASE
ASE + Signal

SOA Power Spectrum with and without signal
(Ibias = 150mA)

ASE Power Spectrum at Various Bias Currents

10 mA

20 mA
30 mA

250 mA

Wavelength 
dependent gain 
with λin off	



Wavelength 
dependent gain 
with λin on	



Pin"

Pout"

SOA"1x2 Coupler"
λout"

Optical Filter"
λin"

λout"

λout here 
experiences 
higher modulation	



λout here will 
experience low 
modulation	



λin	
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SOA Cross-Phase Modulation (XPM)	



 Here the time change in phase due to intensity change in 
optical input is utilized.	



  If the input signal is intensity (on-off) modulated, since 
the SOA produce a phase modulated output signal there 
needs to be a secondary modulation conversion step	


  Input intensity modulation -> SOA phase modulation -> output 

intensity modulation	


 This is usually accomplished by placing an optical filter at the 

SOA output	


 Since the conversion from intensity to phase depends on time 

rate of change in the input signal, this technique tends to work 
better for RZ coded data	
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  The nonlinear induced phase shift in the SOA of 
length L (given by γ) will be due to 
instantaneous power in both λin and λout	



  The change seen by λout will be due to changes in 
both signals. The change in λout due to λout is 
self-phase modulation (SPM) and the change in 
λout due to λin is XPM.	



  The time induced phase change (due to XPM 
and SPM of the data pulses) will lead to 
instantaneous frequency shift	



  This shift, illustrated on the right, can be filtered 
(separated) from the unshifted spectrum using an 
optical bandpass filter (BPF).	



  The BPF aslo serves the purpose of probe-signal 
separation and to threshold the signal (2R)	



  We see that this operation is “non-inverting”, in 
contrast to the XGM approach.	



SOA XPM Wavelength Conversion	



Frequencies shift corresponding  
to pulse energy changes  

Frequencies corresponding  
to background intensity  

λout	


Spectrum before SOA 

λout	


Spectrum after SOA 

BPF 

Frequency 

SOA 

RZ Optical Data λin 

RZ Optical Data λout BPF 

CW λout 

!NL "out( ) = # L P "in( ) + P "out( )$% &'

f (t) = d!NL
dt
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SOA Four Wave Mixing	


  The gain of the SOA can respond to very fast fluctuations in the optical signals.	


  Carrier population fluctuations can occur band to band, DCH and/or SHB.	


  Two signals at pump (ωp) and probe (ωq) interfere to generate a moving intensity grating Ω that creates moving gain and 

phase gratings along the SOA waveguide. Since the response of carriers is very fast, Ω can be very large.	


  The photons at ωp are then scattered (or phase and gain modulated) by these gratings, with new energy at the signal 

frequency (ωs) 	


  Since the SOA has gain G, the efficiency is improved by G3 over FWM without gain.	


  Information modulated onto the probe (ωq) will be transferred over to ωs (but mirrored). Therefore any modulation type will 

work (coherent or incoherent).	



ω	

ω	


ω	

p	

 ω	

q	

 ω	

p	

 ω	

q	

ω	

s	



SOA Input	

 SOA Output	



	


	



pump, 	

ω	

p	
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ω	

q	
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ω	
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ω	
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ω	
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ω	
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ω	
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Interferometric SOA Wavelength 
Converters	



  The performance of simple XGM and SPM converters limit their operation in real 
applications	


  Extinction ratio	


  Inverting vs. Non-inverting operation	


  Self-wavelength conversion and optical bandwidth	


  Bit-Rate	



  Embed the SOA inside an interferometer to “enhance” or make more digital, the 
wavelength conversion process -> Interferometric Wavelength Converter (IWC)	



  Many approaches	


  Michaelson Interferometer WC (MI SOA-WC)	


  Mach-Zehnder Interferometer (MZI SOA-WC)	


  Sagnac loop mirror SOA-WC	


  Asymmetric loop mirror WC (TOAD)	



  There are also techniques employed to increase the speed of SOA based WCs 
beyond limits imposed by carrier recovery lifetime	


  Differentially driven IWCs	
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Michaelson Interferometer SOA-WCs	



  When neffL1 and neffL2 are exactly 
matched, input appears at output.	



  When neffL1 and neffL2 are π out of 
phase, input is “reflected” back to 
input. 	



  Using a second data modulated signal 
that is input through a partially 
reflecting mirror, into an SOA, the path 
length is changed through XPM	



  Data modulated signal changes path 
length difference between 0 and π.	



  SOA is second arm is used to balance 
losses for maximum contrast (on-off) 
ratio.	



Beam 
Splitter	



L1	



L2	



CW Input	



MI XPM SOA-WC	



λi	



Recirculator	



λj	



Output	



Mirror	



Partially 
Reflecting 
Mirror	



SOA	



SOA	
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MZI SOA-WCs	



Sampled Grating DBR Laser 

Mach-Zehnder Interferometer 

Input Amplifier 

SOAs	
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SOA Interferometer - Cross Phase 
Modulation	



π phase shift  

CW in No light 
out 

Converted 
Signal Out 

π phase shift  

CW in 

Data in 

Cross-Phase Modulation 
Transfer Function 

SOA Current 

O
p
ti
ca

l 
Po

w
er

 

•Inverting Operation 
•Non Inverting Operation 

“Widely Tunable Monolithically Integrated All-Optical Wavelength Converters in InP,” Masanovic, M. L.; Lal, V.; Summers, J. A.; Barton, J. S.; Skogen, 
E. J.; Rau, L. G.; Coldren, L. A.; Blumenthal, D. J., IEEE Journal of Lightwave Technology, Volume 23, Issue 3, pp. 1350  - 1362, March (2005)	
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MZI SOA-WC Differential Operation	


Input Pulse 

CW signal power at 
MZI output 

Switching window 

Δt 

1 

2 

1 2 

•  Differential operation used to overcome 
 slow gain recovery lifetimes 
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λ (µm) 
Fixed Band Reject Optical 
Filter 

λ1 λ32 

λint 

λ (µm) 
1.525 1.560 

C-Band 

2nd Stage Wavelength Conversion 

Output 

Fixed Bandpass Optical 
Filter 

λ1 λ32 

λint 

1.525 1.560 

C-Band 

1st Stage Wavelength Conversion 

Input 

Optically Controlled 2-Stage SOA-MZI-SOA Modulator 

Tunable Laser @ 
λout 

Fiber to PIC Mode 
Matching 

Wavelength Converted 
Analog or Digital 
Signal @ λout 

	

SOA 

SOA 

Wavelength Select	


Output Gating 

Optical Blocking 
Filter λint 

Optical Bandpass Filter 
λint 

SOA 

Fixed Wavelength 
Laser λint λint 

Input Analog or 
Digital Signal @ 
λin 

Two-Stage Tunable InP AOWC	


CS-
WDM	
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0.5mm 

7mm 

λinput = λoutput 

λinput ≠ λoutput 

Back-to-Back 

2-Stage Tunable Wavelength 
Converters	

 CS-

WDM	


OFC 2007: OThT2: Monolithically Integrated Multi-Stage All-Optical 10Gbps Push-Pull Wavelength Converter, Joseph A. Summers, 
Milan L. Masanovic, Vikrant Lal, Daniel J. Blumenthal 
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All-Optical Push-Pull 
Wavelength Converters 

0.6mm 

7mm 

TIR Mirror 

Single Arm 

Push-Pull 

Increasing 
1st stage 
probe power 

Single Arm 
-large phase swing 
-poor noise (noise floor) 

Push-Pull 
-full π phase swing 
-improved noise 

Phase Measurements Eye Diagrams BERs 

OFC 2007: OThT2: Monolithically Integrated Multi-Stage All-Optical 10Gbps Push-Pull Wavelength Converter, Joseph A. Summers, 
Milan L. Masanovic, Vikrant Lal, Daniel J. Blumenthal 

CS-
WDM	
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40 Gbps InP T-AOWCs	



Gen. 2 : Integrated Input Differential Delay

Chip Area =
2.5mm2

Chip Area =
3.8mm2

Gen. 1 :  External Delay

Gen. 3 : Compact Integrated Balanced Delay

Chip Area =
2.4mm2

J. A. Summers, V. Lal, M. L. Ma anovi ,  L. A.
Coldren, and D. J. Blumenthal,  "Widely-Tunable All-
Optical Wavelength  Converter Monolithically
Integrated with a Total Internal Reflection Corner
Mirror  Delay Line for 40Gbps RZ Operation,"
Integrated Photonics Research and Applications
(IPRA '05), Paper IMC5, San Diego, California, April
11-13, 2005.

V. Lal, M. L. Ma anovi , J. A. Summers,  L. A.
Coldren, and D. J. Blumenthal,  "40Gbps Operation
of an Offset Quantum  Well Active Region Based
Widely Tunable All-Optical Wavelength
Converter,“Optical Fiber Communication
Conference, Anaheim, California, 2005.

V. Lal, J. A. Summers, M. L. Masanovic, L. A.
Coldren, and D. J. Blumenthal, “Novel Compact
InP-based Monolithic Widely Tunable
Differential Mach-Zehnder Interferometer
Wavelength Converter for 40Gbps Operation,”
Indium Phosphide and Related Materials, Opto-I
(IPRM '05), Glasgow, Scotland, May 8-12.
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40G Tunable Wavelength 
Converters with Integrated Delay	



"   World’s First Monolithic Integrated 40G Tunable All-Optical WC 
"   On-chip delay lines using TIR mirrors for RZ operation 
"   Optical preamplifiers 
"   Optical power splitters and combiners 
"   Mach-Zehnder interferometer optical wavelength converter 
"   Tunable laser 
"   Laser booster optical amplifier 

MZI SOAs 
Input SOA 

MZI Phase SG-DBR Laser Booster SOAs 

  6.3mm   

0.
6m

m
 

MZI SOAs 

Input SOAs 

MZI Phase 

SG-DBR Laser 

λin	



λout	



Booster SOA 

2.9mm 

0.
8m

m
 

λin	



λout	



Power Penalty 5dB 

PRBS 27-1 

1553 in  1541 out 

1553 in  1541 out 
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Loop Mirror Configurations	



  Similar operation as MI, but shared arm instead of two arms.	


  More stable since one arm only	


  Two names given to this structure:	



  UNI when SOA is centered	


  TOAD when SOA is off-center	



  CW input is reflected or passed through based on phase shift imbalance between counter 
propagating waves in interferometer.	



Circulator 
CW Input	



Output (non-inverted)	



Output (inverted)	



SOA	



1x2	



Data Input	



SOA	



UNI	


TOAD	
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Laser Injection Locking	



 

400 ps λ=1561.1 nm 

λ=1556.9 nm 

10 Gbps WC at 2.5 Gbps switching rate 
between 2 output λs 

time 

λprobe 

time 

λ1 

λ2 

CW  
Laser MOD 

10 Gbit/s 
PRBS 

EDFA 

GCSR Laser 

OSA  

Rx BERT  

 

2.5 Gbit/s 
PRBS 

Igain 

50 km  
DSF fiber 

Tunable  
optical filter 

Fast Tunable WC 

O. Lavrova (UCSB)	



  Laser output set by mirror tuning	


  Injecting data modulated signal into gain section changes gain of lasing wavelength	


  Gain can be modulated on/off with input optical signal.	




