
 

 

XI

List of Figures 

2.1 Schematic diagram of OPLL  

2.2 The frequency domain representation of OPLLs 

2.3 The Bode plot of a PLL with a second-order low-pass filter. The gain margin is 

10.5mG dB=  and the phase margin is 38o
mP =  

2.4 Sources of phase noise in an OPLL 

2.5 The spectral density function of the differential phase error eφ  for different 

small signal loop gain K. mK  is the maximum allowable loop gain determined 

by the stability criterion. (a) No loop filter is used. (b) An active second-order 

filter ( ) ( )0 01 / / /f f f f+  is used. In both (a) and (b), a loop delay of 100ns is 

assumed. 

2.6 Temporal dependence of sin eφ  for different DC loop gain dcK . A 5ns delay 

and a 2MHz free-running frequency difference are assumed in the simulation. 

2.7 The variance of the differential phase error as a function of the normalized 

summed laser linewidth /f fπΔ . 1/ 4 dfπ τ=  is the π phase lag frequency given 

by the loop delay. csT  is the average time between cycle slips defined in Eq. 

(2.25). 

2.8 FM response of single-section DFB lasers calculated with the modified low-pass 

filter model. The fitting parameters are: 1cf MHz=  and b = 1, 2, and 3. 

2.9 (a) The Bode plot of the open loop transfer functions for different values of the 

fitting parameter b in Eq. (2.34).  (b) The variance of the differential phase error 

as a function of the normalized laser linewidth /f fπΔ . 

3.1 Schematic diagram of a FM response measurement setup 



 

 

XII

3.2 Variation of the photocurrent at the output of a frequency discriminator as a 

function of the differential time delay τ  without modulation 

3.3 Measurement (blue line) and theoretical fitting (red line) of the FM response of a 

JDSU DFB laser. The fitting parameters are: 1.98b =  and MHzfc 6.1=  

3.4 Measured FM response of the JDSU DFB laser with different bias currents  

3.5 Measured spectrum of the heterodyne beat signal between two JDSU DFB lasers 

3.6 Schematic diagram of a heterodyne OPLL 

3.7 (a) A picture of the JDSU OPLL experimental setup. (b) Measured spectra of the 

locked beat signal of the JDSU OPLL for different loop gain  

3.8 (a) A picture of the QPC OPLL experimental setup. (b) Measured spectrum of the 

locked beat signal 

3.9 Measured spectrum of the locked beat signal of the IPS OPLL 

3.10 (a) Open loop transfer function of the JDSU OPLL with and without a lead-lag 

filter.  (b). Corresponding power spectral density of the differential phase error. 

The FM response of the slave laser is described by Eq. (3.47) with b = 2.6, cf = 

1MHz. The transfer function of the filter is ( ) ( )2 11 / 1F s sτ τ= + +  with 

1 8nsτ =  and 2 40nsτ =   

3.11 The variance of the differential phase error as a function of the summed laser 

linewidth fΔ normalized by the π  phase lag frequency fπ , with and without a 

lead-lag filter  

3.12 Schematic diagram of the feedback circuit with a lead-lag filter     

3.13 Measured spectra of the locked beat signal of the JDSU OPLL without and with 

a lead-lag filter. The loop gain is increased in (b) such that the π  phase lag 

frequency fπ  can be estimated from the ringing frequency. 

3.14 (a) Transfer function of a lag-lead filter.  (b). The open loop transfer function of 



 

 

XIII

the JDSU OPLL without and with a lag-lead filter. Eq. (3.47) and the parameters 
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5.6 Two scenarios of phase front deformation caused by the combining optics 
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6.3 (a) Frequency noise, (b) Allan deviation, (c) Degree of coherence and (d) 

single-sided lineshape of free-running and phase-locked JDSU DFB laser. White 

frequency noise is assumed for the free-running master and slave lasers. In the 

simulation I have assumed a loop gain margin of Gmg=10dB and used the FM 

response of the JDSU laser obtained in Section 3.1.2 

6.4 Schematic diagram of the RIN measurement setup 

6.5 (a) Measured RIN of the Agilent laser. The black curve is the instrument noise 

floor.  (b) Comparison of the residual frequency noise of the locked slave laser 

due to the to the free-running noise of the slave laser (red curve) and the RIN of 
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the Agilent laser (blue curve). In the calculation I have used Eq. (6.32) and 

assumed that the slave laser is the JDSU DFB laser of 0.3MHz FWHM linewidth 

6.6 Measured frequency noise (blue curve) of the Agilent laser. The red curve is a 

theoretical fitting assuming a white frequency noise corresponding to 2kHz 

FWHM linewidth. The dip at about 40MHz is given by the free-spectral-range of 

the Mach Zehnder interferometer of ~5m differential delay. The green curve 

represents the contribution of the RIN in the frequency noise measurement. 

6.7 Delayed self-heterodyne lineshape measurement of the master laser, the 

free-running slave laser and the locked slave laser. (a) A JDSU DFB is used as 

the slave laser and (b) A QPC MOPA is used as the slave laser. The master laser 

is an Agilent tunable laser.  

6.8 Measured (a) RIN and (b) frequency noise of the free-running JDSU DFB laser. 

In (b), the red curve is a theoretical fitting assuming a white frequency noise 

corresponding to a FWHM linewidth of 0.3MHz.  

6.9 Comparison of the frequency noise of the Agilent master laser (black curve), the 

free-running (blue curve) and the phase locked JDSU slave laser (red curve). The 

green curve is a theoretical fitting of the frequency noise of the locked JDSU 

laser using the measured frequency noise of the free-running JDSU laser, the 

Agilent laser, and the loop transfer function. The measured data shown here are 

smoothed with a 5 points moving average algorithm. 

6.10 (a) Measured RIN of the NP fiber laser under both the free-running and the RIN 

suppression modes. (b) Calculated residual frequency noise of the locked slave 

laser(JDSU DFB) due to its free-running frequency noise (green curve) and to 

the RIN of the master laser (red curve). A white frequency noise corresponding to 

a FWHM linewidth of 0.3MHz is assumed for the free-running slave laser. 

6.11 (a) Comparison of the measured frequency noises of the NP fiber laser. The green 

curve is measured in Orbitslightwave, Inc., using a real time spectrum analyzer 
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by taking the FFT of the output of the Mach Zehnder interferometer near the 

quadrature point. The red curve is measured by averaging a large number of 

traces taken by a sweep-filter type spectrum analyzer. In both measurements 

the differential delay of the interferometer is ~50m. (b) Comparison of the 

measured frequency noise of the master laser(NP fiber laser), the free-running 

and the locked JDSU laser. The red curve between 1kHz and 1MHz is measured 

at the quadrature point of an interferometer of 5m differential delay. The blue line 

is measured by averaging a large number of the frequency noise spectra using an 

interferometer of 50m differential delay. The green curve is a theoretical fitting 

of the frequency noise of the locked JDSU laser using Eq. (6.32).   

6.12 Measured lineshapes of the master laser (NP fiber laser), the free-running and 

locked slave laser (JDSU DFB) on a (a) 5MHz span and (b) 0.5MHz span.  

7.1 Schematic diagram of an OPLL with a phase modulator (PM) feedback loop. 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 


