
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Fabrication and characterization of narrow channel fused fiber wavelength division 
multiplexing couplers

Permalink
https://escholarship.org/uc/item/3682z5j8

Author
Orazi, Richard Joseph

Publication Date
2007
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3682z5j8
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA, SAN DIEGO 
 

 

Fabrication and Characterization of Narrow Channel Fused Fiber  

Wavelength Division Multiplexing Couplers 

 

A Dissertation submitted in partial satisfaction of the requirements 

for the degree of Doctor of Philosophy 

 
in 

 
Electrical Engineering (Applied Physics) 

 
by 

 
Richard Joseph Orazi 

 

 

Committee in charge: 

 Professor  Paul K. L. Yu, Chair 

 Professor  William Chang 

 Professor  Rene Cruz 

 Professor  Hidenori Murakami 

 Professor  Michael Sailor 

 

2007 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright  © 

Richard Joseph Orazi, 2007 

All rights reserved.



iii 

 

 

The Dissertation of Richard Joseph Orazi is approved, and it is acceptable in 

quality and form for publication on microfilm: 

 
 
 
 
 
   ________________________________________________ 
 
 
 
   ________________________________________________ 
 
 
 
   ________________________________________________ 
 
 
 
   ________________________________________________ 
 
 
 
   ________________________________________________ 
 
                  Chair 

 
 

 

 

University of California, San Diego 

2007 



iv 

TABLE OF CONTENTS 

 

Signature Page  ………………………………………………………………..  iii 

Table of Contents  ……………………………………………………………..  iv 

List of Figures  ………………………………………………………………….  viii 

List of Tables  …………………………………………………………………..  xiii 

Acknowledgements  ……………………..……………………………………  xiv 

Vita and Publications  ……………………..………………………………….  xvi 

Abstract  ………………………………………………….……………….……  xx 

 

Chapter 1     Introduction  …………………………………………………….  1 

 1.1  Key Developments  …….…………………………………………  4 

  1.1.1  WDM  …………………………………………………….  5 

  1.1.2  EDFAs  …………………………………………………..  10 

  1.1.3  Fiber Bragg Gratings  …………………………………..  14 

 1.2  WDM Technologies  ………………………………………………  17 

  1.2.1  Bulk Optics  …………………………………………..….  18 

  1.2.2  Arrayed Waveguide Gratings  ………..….……….…...  19 

  1.2.3  Thin Film Dielectrics………..…………………………...  20 

  1.2.4  Fiber Bragg Gratings  ………..……………………..….  21 

  1.2.5  Fused Fiber Couplers  ……………………………..….  23 

 1.3  Dissertation Overview  ………………………………….………..  26 



v 

 References  ……………............……………………………………….  28 

 

Chapter 2     Narrow Cannel Fused Fiber WDMs:  Theory, Fabrication,  
          and Performance  ……..……………………………………….  35 

 
 2.1  Basic Theory and Operation of Fused Fiber WDMs  ……..….  36 

 2.2  Polarization Dependence  ……………..………………………..  39 

 2.3  Production of PINC WDMS (Basics)  …………………………..  42 

 2.4  Production of PINC WDMs (Detailed)  ……..………………….  47 

  2.4.1  Fiber Preparation  ………………………………………  48 

  2.4.2  Fiber Fusion and Tapering  ….………………………..  50 

 2.5  Fabrication Station Equipment  ……………..………………….  55 

  2.5.1  Motion Control and Fiber Positioning Jig  ……………  56 

  2.5.2  Light Source  ……..…………………………………….  58 

  2.5.3  Gas System  …………………………………………….  60 

  2.5.4  Detection System  ………..…………………………....  61 

  2.5.5  Software Controls  …………..…………………………  64 

 2.6  PINC WDM Performance Characterization  …….…………….  66 

 2.7  Packaging  ………………………………………………………...  71 

 2.8  Two Channel PINCs  ……………………………………………..  75 

 2.9  Channel Spacing Tunability of PINCs  ………..………………..  86 

 2.10  Summary  ………………………………………………………..  91 

 References  …………………………………………………………….  92 

 



vi 

Chapter 3     Cascaded PINC WDMs  ……………………………………….  95 

 3.1  Enhanced Isolation (Two Channels)  ….………………………..  96 

 3.2  Four Channel WDMs  …………..…………………………….….  101 

  3.2.1  Four Channel Mux/Demux WDMs  …………..……….  102 

  3.2.2  Four Channel Add/Drop Filters  ………………..….….  106 

 3.3  Higher Order WDMs  ………..…………………………..……….  108 

 3.4  Summary  …………………………………………………..……...  122 

 References  ……………………………………………………..……...  124 

 

Chapter 4     Index of Refraction Changes in Highly Overcoupled Fused 
          Fiber Couplers  ………….……………………………………..  126 

 4.1  Analysis of Index of Refraction Induced Coupling Changes  ..  128 

 4.2  Temperature Dependence Due to Index of Refraction 
        Changes  ……………..……………………………………….….  131 

 4.3  Fine Tuning of PINC WDMs  …………..………………….……  135 

 4.4  Optical Switching in PINC WDMs  ………..……….…….…….  140 

 4.5  Summary  ……………………………………………………..…..  144 

 References  ……………………………………………………….……  145 

 

Chapter 5     Selected Applications  …………………………………………  147 

 5.1  Four Way Pump Combiner  ………..……………………………  147 

 5.2  Amplified Link Simulation  …………..…………………………..  151 

  5.2.1  Experimental Link Set-up  …………..…………….…..  152 

  5.2.2  Link Results  …………………………………………….  155 



vii 

 5.3  IFOG Light Source Optimization  …………..…………………..  161 

  5.3.1  Pump/Signal Multiplexers for IFOGs  ………………..  164 

  5.3.2  Bending Effects in Pump Multiplexer Leads …….….  168 

  5.3.3  PINC WDM Filters for IFOG Sources  ………………  173 

 5.4  Summary  ………………………………………………..……….  181 

 References  ……………………………………………………………  182 

 

Chapter 6     Conclusions and Areas of Future Work  …..…………………  186 

 6.1  Directions for Future Research  ……………….………………..  189 

References  …………………………………………………………….  192 

 

Appendix A     Derivation of Coupling Coefficients Using the Rectangular  
  Approximation (Strongly Fused Couplers)  ………………..  193 

 References  ………………………………………………………….…  198 

 

 

 

 



viii 

LIST OF FIGURES 

 

Figure 1-1: Wavelength division multiplexers  …………………..............  7 

Figure 1-2: Generic all-optical WDM network  …………………….…...... 8 

Figure 1-3: Generic EDFA   ………………………………………………..  12 

Figure 1-4: Conventional EDFA gain spectrum  ………………….……..  14 

Figure 1-5: Fiber Bragg grating  …………………………………………...  15 

Figure 1-6: Common techniques for writing fiber Bragg gratings 
a) interference method   b) phase mask method   …………………  16 

Figure 1-7: Bulk optic WDMs 
a) diffraction gratings   b) refractive prisms  ………………..……….  18 

Figure 1-8: Arrayed waveguide grating  …………………………….….…  19 

Figure 1-9: Thin film interference filter WDM  ………………….….……..  21 

Figure 1-10: Grating based optical add/drops 
a) circulator  b) Mach-Zehnder  c) coupler  ………………………..  22 

Figure 1-11: Tapered fused fiber coupler  ………………………..………..  24 

Figure 1-12: Physical interpretation of coupling in tapered fused fibers 
a) fiber geometry   b) mode profile  …………………….…………...  25 

Figure 2-1: Rectangular cross section approximation  …….…………...  37 

Figure 2-2: Coupled power as a function of pulled length in a  
fused fiber coupler  ………………………………………..….……….  43 

Figure 2-3: Cross sectional SEM views of a PINC WDM  ……….……..  45 

Figure 2-4: Fused fiber coupler station schematic  …………..….……...  47 

Figure 2-5: Fiber alignment with pushrods  ……………………….……..  50 

 



ix 

Figure 2-6: Initial coupling properties for extreme toggle lengths 
a) 2 mm toggle   b) 6 mm toggle  ………………………….……..…..  52 

Figure 2-7: Fiber clamps on pulling stages  ………………..………….....  57 

Figure 2-8: Light source and associated components  ……….….……..  60 

Figure 2-9: Detection system schematic  …….……….…………………..  63 

Figure 2-10: Screen-shot of coupler fabrication software interface  ….....  65 

Figure 2-11: Coupler power measurements  ……………………….……...  67 

Figure 2-12: PINC WDM characterization using OSA  …………….….....  68 

Figure 2-13: Scanning monochromator for WDM characterization  ..…...  71 

Figure 2-14: PINC WDM packaging procedure  …………………….…….  74 

Figure 2-15:  Spectral transfer curves for representative PINC WDMs 
a ) 1st envelope (26 nm)    b) 8th envelope (6 nm)  …….…………...  77 

Figure 2-16: Envelope function for 24 nm PINC WDM  …………….….....  79 

Figure 2-17: Explicit polarization dependence of transfer function 
__  perpendicular to fiber plane     --- parallel to fiber plane  ….…..  80 

Figure 2-18: Envelope function in narrow  channel WDM  ……..………...  81 

Figure 2-19:  Coupling cycles attained at various polarization  
envelope peaks  ………………………………………………………..  82 

Figure 2-20: Measured pull lengths for various polarization 
envelope peaks  ………………………………………………………..  83 

Figure 2-21: a) Channel spacing   b) Inverse channel spacing 
as a function of polarization envelope  ………………..…………….  84 

Figure 2-22: 1st envelope shift with torch toggle length 
a)  2mm toggle   b) 4mm toggle   c) 6 mm toggle  ………..………..  89 

Figure 3-1: Fused fiber couplers cascaded for enhanced isolation  …....  97 

Figure 3-2: Enhanced isolation with similar fused fiber WDMs  ………....  100 



x 

Figure 3-3: Enhanced isolation with dissimilar fused fiber WDMs  ……...  100 

Figure 3-4: 4 channel mux/demux configuration, and associated 
coupler wavelength response curves ………………………………..  102 
 

Figure 3-5: Measured response of 4 channel demux  ………..………...  103 

Figure 3-6: 4 channel add/drop configuration, and associated 
coupler wavelength response curves  ……………………………….  107 

FFiigguurree  3-7: Measured wavelength response of 4 channel  
add/drop filter  ……………………………..…………………………...  108 

 
Figure 3-8: Cascaded 8 channel fused fiber mux/demux  ……….……..  109 
 
Figure 3-9: Theoretical response of standard 8 channel  
 cascaded demux  ……………………..……………………….………  112 

Figure 3-10: Multiplexed output using six 10 mW DFB laser diodes  …….  114 

Figure 3-11: Polarization dependence measurement system  ……………  115 

Figure 3-12: Isolation of standard 6 channel multiplexer  …….….….…....  117 

Figure 3-13: Configuration of enhanced isolation 6 channel demux  …....  117 

Figure 3-14: Fully packaged enhanced isolation 6 channel demux  …….  118 

Figure 3-15: Measured response of enhanced isolation 6 channel 
demux  ………………………………………………………………….. 119 

 
Figure 4-1: Temperature dependence of the peak channel wavelength 

of an 8.5 nm PINC WDM  ………………………………………….....  132 
 
Figure 4-2: Wavelength response curves for PINC WDM couplers 

a) 8 nm channel spacing    b) 22 nm channel spacing  ……..….…  133 

Figure 4-3: Change in wavelength response of one arm of a 
PINC WDM with 15 nm channel separation  …………………….....  137 

 
Figure 4-4: Effective index change vs UV pulses for various 

pulse energies :  55 cycle couplers  ……………..…………………..  139 

Figure 4-5: Effective index change vs UV pulses for couplers with 
various coupled power cycles N :  UV fluence of 242 mJ/cm2  …..  139 



xi 

Figure 4-6: All-optical wavelength router / switch  (Δλ = ΔλWDM)  ………  142 

Figure 4-7: Absorption change vs wavelength for a highly doped  
 erbium fiber  ………………………………………….…………………  143 

Figure 5-1: Pump multiplexer schematic  …………………………………  149 

Figure 5-2: Typical 4-way pump multiplexer output  ………..…………...  150 

Figure 5-3: Long distance link configuration  …………..………………...  153 

Figure 5-4: Bidirectional link amplifier performance 
* pre-amp     □ post-amp    ▲ pre-amp in dual mode operation  .....  156 

Figure 5-5: Sagnac interferometer  …………………………………….….  161 

Figure 5-6: General IFOG schematic  ………………………………….…  162 

Figure 5-7: Measurement of polarization dependent coupling in 
1475 / 1560 nm WDMs  …………………………………………….…  165 

Figure 5-8: Polarization dependence of 1475 / 1560 nm WDMs 
a) standard WDM  b) enhanced WDM  ………………………..….  167 

Figure 5-9: Wavelength response of optimized WDM with unpolarized 
input  ………………………………………………………………….…  168 

Figure 5-10: Measurement of optical fiber bend loss  ………………….…  170 

Figure 5-11: Wavelength dependent bend losses in WDM fiber leads 
a) Corning 1060 fiber 
b) Spectran 980 nm bend insensitive fiber  ………………………...  170 

Figure 5-12:  Mechanism for creating bending induced wavelength ripple 
a) whispering gallery modes  b) multi-layer interference  ………....  171 

Figure 5-13: Temperature dependent wavelength ripple measurement  ...  172 

Figure 5-14: Temperature dependent wavelength ripple in ASE source 
a) mean wavelength   b) ASE spectra  ………………………….......  173 

Figure 5-15: PINC WDM filter 
a) log    b) linear  ……………………………………………….…..….  175 

Figure 5-16: Filtered ASE source testbed  …………………..………………  176 



xii 

Figure 5-17:Unfiltered ASE source spectra  
 45 mW pump co-prop w/mirror,  80 mW pump all others  ………...  177 
 
Figure 5-18: Filtered double pass ASE source spectra 

a) counter-propagating pump 80 mW 
b) co-propagating pump 45 mW  ……………………………..……...  178 

Figure 5-19: Filtered ASE light source spectrum  ……………………..….  179 

Figure 5-20: Pump power dependence for dual passcounter-propagating 
ASE sources 
a) filter A    b) filter B  ……………………………………….….….…..  180 

Figure 5-21: Temperature dependence for dual pass ASE sources,  
 40 mW pump 
 a) co-propagating - filter A   b) counter-propagating - filter B  ….…  181 
  
FFiigguurree  A-1: General schematic of rectangular dielectric waveguide  .....  193



xiii 

LIST OF TABLES 

 

Table 2-1: 1st envelope shift with torch toggle length  ……………........  88 

Table 2-2: 1st envelope shift with torch height  ……………………….....  90 

Table 3-1: Location and magnitude of isolation peaks for component 
PINC WDMs  ………………………………………………………......  98 

Table 3-2: Insertion loss for connectorized 6 channel mux device  …..  116 

Table 3-3: Best case isolation for 6 channel enhanced isolation  
demux  ……………………………………………….………………....  120 

Table 3-4: Worst case isolation for 6 channel enhanced isolation  
demux  ………………………………….……………………………....  121 

Table 4-1: Coupler data with fitted parameters  ………..…………........  134 

Table 4-2: Comparison of calculated index related shifts  ………….....  135 

 

 



xiv 

ACKNOWLEDGEMENTS 

 

 This dissertation, although dated 2007, was written and essentially 

completed except for references in late 2000.  It was put aside as other 

concerns rose to prominence in my life, but was never fully abandoned.  It 

represents the body of work as it stood at the time of the initial presentation to 

my doctoral committee, and has not been updated to include current work in 

the field by myself or others. 

 I would like to use this space to thank those who have helped to make 

this dissertation possible.  First and foremost is my family, especially my 

parents, Vincent and Thelma Orazi, whose loving guidance, encouragement, 

and confidence in my abilities have been the foundation upon which all of my 

achievements have been built;  also, my siblings, Liz, Vinnie, and Nanette,  

who have always been key to helping me define the concept of family, even 

when we’ve been separated by extreme distances; and finally, my wife 

Kimberly, and my children Kristina, Kelly, Stephen, and Kalyn, whom I could 

never thank enough for the joy they have given me, and who have had to bear 

the heavy cost of dealing with my long hours away from home while at work 

and school. In addition, I am grateful for all of those who have worked with me 

and helped make my endeavors interesting and enlightening.  Primary 

consideration goes to Matt McLandrich and Steve Pappert, who both served 

as co-workers, friends, and mentors while I was at SPAWAR, and have had a 



xv 

significant positive impact on the course that my career has taken; and C.K. 

Sun, who while at SPAWAR and Lightwave Solutions has always been a role 

model of the hard working engineer, innovative scientist, and gentle, caring, 

ethical human being.  Next, I must give credit to my advisor, Paul Yu, who has 

remained helpful and cheerful throughout my time at UCSD, who is probably 

unaware of amount of guidance that he has actually provided to me, and has 

shown more patience than I deserved as I dealt with the tribulations of (often 

unsuccessfully) attempting to juggle family, work, and school.   Finally, I would 

like to thank Ken Rogers, who thoughtfully provided me with the opportunity to 

finally complete this manuscript. 

 

 

 



xvi 

VITA 

  
1962   Born, Elizabeth, NJ 

 
 1984   B.S. in Physics and Mathematics 
    University of Virginia, Charlottesville, VA 
 
 1986   M.S. in Physics 
    University of Maryland, College Park, MD 
 
 1988 - 2001  Scientist 
    SPAWAR Systems Center, San Diego, CA 
 
 2001-Present VP, Engineering 
    Lightwave Solutions, LLC, San Diego, CA 
 
 2007   Ph.D. in Electrical Engineering  
    (Applied Physics) 
    University of California, San Diego, CA 
 
 
 
 

PUBLICATIONS 
 
 
S.A. Pappert, R.J. Orazi, T.T. Vu, S.C. Lin, A.R. Clawson, and P.K.L. Yu,  
“Polarization dependence of a 1.52 μm InGaAs/InP multiple quantum well 
waveguide electroabsorption modulator,”  IEEE Photon. Technol. Lett. 2, 257 
(1990). 
 
S.A. Pappert, S.C. Lin, R.J. Orazi, M.N. McLandrich, P.K.L. Yu, and S.T. Li, 
“Broadband electromagnetic environment monitoring using semiconductor 
electroabsorption modulators,” Proc. SPIE 1476, 282 (1991). 
 
M.N. McLandrich, R.J. Orazi, and H.R. Marlin, “Polarization independent 
narrow channel wavelength division multiplexing fiber couplers for 1.55 μm,” J. 
Lightwave Technol. 9, 442 (1991). 
 
S. A. Pappert, M.H. Berry, S.M. Hart, R.J. Orazi, and S.T.  Li, “Remote multi-
octave electromagnetic field measurements using analog fiber optic links,”  
IEEE Antennas and Propagation Soc. Internat. Symp., 718 (1992). 



xvii 

S.A. Pappert, M.H. Berry, S.M. Hart, R.J. Orazi, and S.T. Li, “Electromagnetic 
field probes:  an initial assessment,” NCCOSC TN-1693 (1992). 
 
R.J. Orazi and M.N. McLandrich, “Bidirectional transmission at 1.55 microns 
using fused fiber narrow channel wavelength division multiplexors and erbium-
doped fiber amplifiers,” IEEE Photon. Technol. Lett. 6, 571 (1994). 
 
Y.Z. Liu, J.M. Chen, S.A. Pappert, R.J. Orazi, A.R. Williams, A.L. Kellner, X.S. 
Jiang, and P.K.L. Yu, “Semiconductor electroabsorption waveguide modulator 
for shipboard analog link applications,” Proc. SPIE 2155, 98 (1994). 
 
S.A. Pappert, M.H. Berry, S.M. Hart, R.J. Orazi, L.B. Koyama, and S.T. Li, 
“Ultrawideband shipboard electrooptic electromagnetic environment 
monitoring,” NCCOSC TR-1646 (1994). 
 
Y.Z. Liu, S.A. Pappert, A.R. Williams, J.M. Chen, R.J. Orazi, R.B. Welstand, 
A.L. Kellner, and P.K.L. Yu, “Analog link performance using high bandwidth 
electroabsorption waveguide modulator,” Proc. GOMAC 94, 479 (1994).  
 
S.A. Pappert, C.K. Sun, R.J. Orazi, R.B. Welstand, P.K.L. Yu, Y.Z. Liu, and 
J.M. Chen, “Performance comparison of Mach-Zehnder and electroabsorption 
modulators for analog photonic links,” Proc. PSAA-5, 123 (1995). 
 
C.K. Sun, G.W. Anderson, R.J. Orazi, M.H. Berry, S.A. Pappert, and M. 
Shadaram, “Phase and amplitude stability of broadband analog fiber optic 
links,” Proc. SPIE 2560, 50 (1995). 
 
S.T. Li, S.A. Pappert, R.J. Orazi, L.B. Koyama, and J. Feist, “An electro-optic 
probe for ship EMC applications,” IEEE Internat. Symp. on Electromagnetic 
Compatibility, 81 (1995). 
 
R.B. Welstand, R.J. Orazi, C.K. Sun, H.G. Rao, Y.Z. Liu, S.A.  Pappert, and 
P.K.L. Yu, “Phase noise and dynamic range of analog fiber links using 
electroabsorption modulators,” Proc. SPIE 2844, 34 (1996). 
 
Q.Z. Liu, R.B. Welstand, R.J. Orazi, S.A. Pappert, P.K.L. Yu, and S.S. Lau, 
“Novel planar electroabsorption waveguide modulator for RF applications,” 
Proc. SPIE 2844, 27 (1996). 
 
C.K. Sun, R.J. Orazi, S.A. Pappert, and W.K. Burns, “A photonic-link 
millimeter-wave mixer using cascaded optical modulators and harmonic carrier 
generation,” IEEE Photon. Tech. Lett. 8, 1166 (1996). 
 



xviii 

C.K. Sun, R.J. Orazi, and S.A. Pappert, “Millimeter wave frequency conversion 
using photonic link signal mixing and harmonic carrier generation,” Proc. DoD 
Photonics 96, 101 (1996). 
 
S.A. Pappert, R.J. Orazi, and S.T. Li, “Broadband shipboard electromagnetic 
environment monitoring,” Proc. DoD Photonics 96, 195 (1996). 
 
R.J. Orazi, M.N. McLandrich, T.T. Vu, P.M. Poirier, and C.A. Hewett, 
“Polarization Independent Narrow Channel Wavelength Division Multiplexing 
Fiber Coupler Technology,” Proc. DoD Photonics 96, 243 (1996). 
 
T.T. Vu, C.A. Hewett, M.N. McLandrich, and R.J. Orazi, “Manufacturing 
science and technology for polarization independent narrow channel (PINC) 
wavelength division multiplexing (WDM) fiber couplers,” NCCOSC TR-1724 
(1996). 
 
R.J. Orazi, T.T Vu, M.N. McLandrich, C.A. Hewett, and P.M. Poirier, 
“Cascaded narrow channel fused fibre wavelength division multiplexers,” 
Electron. Lett. 32 368 (1996). 
 
C.K. Sun, R.J. Orazi, and S.A. Pappert, “Efficient microwave frequency 
conversion using photonic link signal mixing,” IEEE Photon. Technol. Lett. 8, 
154 (1996).  
 
S.A. Pappert, C.K. Sun, and R.J. Orazi, “Low phase noise tunable mmw 
source using optical harmonic carrier generation,” Proc. PSAA-7, 62 (1997). 
 
R.J. Orazi, S.D. Russell, T.T. Vu, and P.K.L. Yu, “UV fine tuning of narrow 
channel fused fibre wavelength division multiplexing couplers,” Electron. Lett. 
33, 154 (1997). 
 
S.A. Pappert, C.K. Sun, and R.J. Orazi, “Tunable RF optical source using 
harmonic carrier generation,” Proc. SPIE 3038, 89 (1997). 

 
T.T. Vu, R.J. Orazi, and  M.N. McLandrich, “Four channel fused fibre 
mux/demux couplers and add/drop filters in the 1300 and 1550nm regions,” 
Electron. Lett. 34, 583 (1998). 
 
R.F. Mathis, W.L Floyd, S.A. Pappert, and R.J. Orazi, “Fiber optic signal 
processing of ultrawideband signals,” Proc. SPIE 3463, 168 (1998). 
 
S.A. Pappert, C.K. Sun, R.J. Orazi, and T.E.  Weiner, “Photonic link 
technology for shipboard RF signal distribution,” Proc. SPIE 3463, 123 (1998). 
 



xix 

S.A. Pappert, S.C. Lin, R.J. Orazi, and M.N. McLandrich, “Broadband 
electromagnetic environment monitoring using semiconductor 
electroabsorption modulators,” SPIE Milestones 149 (1998).



xx 

 
 
 
 
 
 
 
 

ABSTRACT OF THE DISSERTATION 

 

Fabrication and Characterization of Narrow Channel Fused Fiber  

Wavelength Division Multiplexing Couplers 

 

by 

 

Richard Joseph Orazi 

 

Doctor of Philosophy in Electrical Engineering (Applied Physics) 

University of California, San Diego,  2007 

Professor Paul K.L. Yu, Chair 

 
 

 Narrow channel fused fiber wavelength division multiplexers, produced 

by laying two optical fibers side by side, heating, and fusing them together, are 

discussed.  Methods and equipment for repeatable production of devices with 

channel spacings from approximately 30 nm to 5 nm have been developed.    

The polarization asymmetry in the coupling of such devices is explained, and 

is shown to be the limiting factor in achieving high isolation in highly 



xxi 

overcoupled fused fiber WDMs, and the primary parameter limiting the 

ultimate scalability of the technology.  A method for reducing the polarization 

dependent coupling in narrow channel fused fiber WDMs by halting fiber 

tapering at the peak of the observed polarization envelope is demonstrated.  

Techniques allowing the manipulation of this envelope based on altering 

fusion conditions to change the fused region cross-sectional geometry are 

described, allowing fabrication of polarization independent WDMs over a 

continuous range of channel spacings. The performance of higher order 

(greater then 2 wavelengths) WDMs produced by cascading multiple narrow 

channel fused fiber devices is discussed, and low loss, high isolation devices 

capable of mux/demux operation with up to 8 wavelengths have been 

demonstrated. A simple theoretical model is shown which has been used to 

successfully describe the behavior of narrow channel fused fiber WDMs, and 

this model is extended to allow prediction of optical behavior based on a few 

parameters determined after coupler fabrication.  A method is demonstrated 

for fine-tuning the optical characteristics of the devices by altering the index of 

refraction of the glass within the fused region by applying high intensity UV 

light.  The use of both single couplers and multiple, cascaded devices has 

been demonstrated in several selected applications which highlight the 

importance of polarization independent coupling for such devices. 



1 

Chapter 1 

Introduction 
 

Since the development of the first low loss optical fiber in the early 

1970’s 1, optical fiber communication systems have enjoyed a steady rise in 

importance, and have become the dominant transmission medium for long 

distance communications and data transport applications.   During most of this 

time period, such communication systems have been comprised of point-to-

point links employing time division multiplexing (TDM) to combine and route 

digital signals, and the capability of these links has progressed at a rate 

determined by the advances made in the performance of the individual 

components.  The requirements for most components are to a large degree 

determined by the properties of the optical fiber itself.  Silica based optical 

fiber has a minimum attenuation in the near infrared wavelength range, with 

typical single mode fibers having less than 2 dB/km in a range from 0.8 to 1.8 

μm 2.   Within this range, there are two bands that exhibit exceptionally low 

loss, one centered at 1.3 μm, with typical losses of approximately 0.4 dB/km, 

and another centered at 1.55 μm, with losses around 0.2 dB/km.   

Early single mode fibers where optimized for the 1.3 μm band, due to 

the availability of transmitters and receivers at this wavelength.  In addition, 

standard silica fibers have a zero in dispersion (the result of the change in 



 
 

2

effective index of refraction of the fiber with wavelength) within this band as 

well 3.  Dispersion sets an ultimate limit on the distance-bandwidth product of a 

given link, and when systems began to migrate to the 1.55 μm band to take 

advantage of the lower fiber loss once material system advances made 

transmitter components available in this band, optical fibers were redesigned 

to move the dispersion minimum into the 1.55 μm band 4. Recently, the 

availability of high powered transmitters and advent of wavelength division 

multiplexing to combine multiple transmitter signals onto a single fiber have 

caused non-linear effects in fibers to become important considerations 5.  

Effects such as stimulated Raman scattering (SRS) 6, stimulated Brillouin 

scattering (SBS) 7, and four-wave mixing 8 have resulted in additional changes 

in fiber design, aimed at increasing the effective area of the core and moving 

the zero of dispersion just outside the 1.55 μm wavelength band in order to 

minimize these effects 9. 

In tandem with improvement in fiber design, other components 

necessary for fiber links have made great strides as well.  Since their initial 

development, semiconductor laser diodes have been an obvious choice for 

generating the lightwave carrier in fiber links.  While Fabry-Perot structures, 

with optical bandwidths of several nanometer, were sufficient for early fiber 

links needs, rising bandwidth requirements have lead to the dominance of 

narrow band (<0.1 nm) sources such as distributed feedback (DFB) 10 and 

distributed Bragg reflector (DBR) 11 lasers.  Such lasers are now commonly 
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available for data rates up to 2.5 Gb/s at a variety of wavelengths.  Although 

laser structures have been demonstrated at speeds past 20 GHz 12, some 

fundamental factors limit their general usefulness for directly modulated 

systems to speeds less than 10 GHz.  Higher bit rate systems generally 

employ external modulation, usually using either lithium niobate Mach-

Zehnder 13 or semiconductor electro-absorption 14 modulators.  Such devices 

have been able to show extremely large modulation rates in the laboratory, but 

still cannot supply the total bandwidth required in many modern fiber systems. 

 As fiber links have expanded their capacity due to individual component 

improvements, there has been a concurrent rise in bandwidth requirements.  

The primary application for fiber systems has been in long distance telephony, 

and in general fiber systems have been able to keep pace with rising 

bandwidth requirements.  However, with the emergence of the internet in the 

mid 1990’s, there has been a huge surge in the demand for long distance data 

transport and routing.  Data traffic has overtaken voice as the main consumer 

of bandwidth,  and  internet  bandwidth requirements are growing 

exponentially 15, with bandwidth requirements expected by some to double 

approximately every 6 months for the next several years.  With the rise in data 

networking, fiber transmissions systems have been forced to change from 

predominantly point-to-point links into optically based networks, because 

purely electrically based routing systems simply will not be able to efficiently 

handle future data loads.  There are a large number of possible optical 
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network topologies under consideration, and advanced component 

development in area such as optical switches 16, optical cross-connects 17, and 

optical wavelength conversion devices 18, is expected to eventually lead to the 

emergence of large-scale all-optical networks 19,20,21,22. 

 

1.1 Key Developments 

As detailed above, there has been an explosion in the demand for 

bandwidth in fiber based communication systems.  This is to a large degree 

due to the emergence of a few key technologies that have allowed fiber 

networks to expand their capacity at a rate well beyond the pace of 

development of the underlying electrical systems controlling the electro-optic 

components that form the basis of fiber systems.  Fiber backbones currently 

require capacities approaching hundreds of Gb/s, and requirements will soon 

be in the Tb/s range and beyond.  Most existing optical and electrical 

components are currently capable of 2.5 Gb/s operation, systems with 10 Gb/s 

are currently being deployed 23,24, and links operating at rates of 40 Gb/s are 

envisioned to be ready in the near term future 25.  This means that in order to 

meet even current demand, systems based on standard TDM technology 

would need to deploy a large number of parallel fiber links, which would be 

prohibitively expensive due to the large costs of laying optical fiber.  

Furthermore, providers would be faced with the prospect of laying huge 

amounts of dark fiber in anticipation of future growth, or be faced with the 
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costs of redeploying additional fiber as demand grows. In addition to the fiber 

requirements, upgrading the speed of the links requires that all of the electrical 

and electro-optic components be replaced with faster devices. Clearly, an 

easily scalable method of increasing bandwidth of the fiber network is required 

in the face of exponentially increasing customer demands.  The recent 

emergence of a few key optical fiber technologies has allowed for such 

scalability. Some of those having the greatest impact, namely wavelength 

division multiplexing (WDM), erbium-doped fiber amplifiers (EDFAs), and fiber 

Bragg gratings, are discussed in the following sections.  

 

1.1.1 WDM 

Wavelength division multiplexing (WDM) involves the use of multiple 

wavelengths of light (ranging in number from 2 to greater than 100) in a fiber 

optic system in order to increase either capacity or architectural flexibility.  The 

capacity of a single wavelength link is primarily limited by the speed of the 

transmitter/detector pair and associated electronics.  In addition, it becomes 

complicated and expensive for the link to carry traffic encoded in different data 

formats.  As mentioned in the previous section, the operating speed of 

photonic components cannot keep pace with the expanding bandwidth 

requirements of optical fiber networks.  Since the bandwidth of a single laser 

transmitter is limited, an obvious extension is to combine the signals of 

multiple laser transmitters onto the fiber link to increase capacity.  If the 
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signals are operating at the same wavelength, however, there is no way to 

later separate the data from the various transmitters upon detection.  By using 

separate wavelengths for the various transmitters, it becomes possible to 

separate the signals and avoid losing data, providing there exists some device 

that can route the different wavelengths of light to different receivers.  This is 

possible because aside from nonlinear effects such as four wave mixing, 

which was mentioned in a previous section, the signals do not interact with 

each other as they propagate down an optical fiber. The simplest form of 

multiplexer (used to combine the various transmitter signals) involves a star 

coupler 26 or series of cascaded 3 dB splitters, with a corresponding 

demultiplexer (used to separate the signals from different transmitters) being a 

series of 3 dB power splitters with an optical bandpass filter at each output.  

However, the insertion loss of these mux and demux devices scales as N x 3 

dB, where N is the number of wavelengths, and so clearly this method of 

combining and separating the various wavelengths becomes unacceptable as 

the number of wavelengths rises.  Thus a key requirement for widespread use 

of WDM systems is the development of devices which can combine (mux) and 

separate (demux) multiple wavelengths of light in an optical fiber with minimal 

insertion loss.  In addition, devices that can add/remove a single wavelength of 

light to/from a fiber link carrying multiple wavelengths of light (known as 

add/drop multiplexers) can expand the use of WDM beyond simple point-to-
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point links.  A diagram showing the operation of these basic WDM functions is 

presented in Figure 1-1. 

 

 

 

 

 

 

 

 

 

Figure 1-1:  Wavelength division multiplexers 

 

One of the key advantages of WDM is the inherent scalability.  Systems 

with various bandwidth needs can be built from similar components, each 

system using as many wavelengths as it needs to meet the current bandwidth 

requirements.  As data traffic increases, bandwidth for a given system can be 

increased by simply adding additional wavelengths to the network.  Links 

carrying greater than a Terrabit of data have been demonstrated 27, showing a 

path for utilizing much of the 10 THz of available bandwidth in the 3rd 

communications window of optical fibers. 

A second major advantage to using WDM in fiber links is the added 

degree of freedom represented by wavelength selection, resulting in a great 
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degree of flexibility in network design.  Signals on a fiber network can be 

routed according to their wavelength 28, with different nodes addressed by 

different wavelengths.  In combination with optical cross-connect switches, 

and wavelength conversion of signals, a dynamic, all optical network can be 

envisioned. Signals with different digital data formats can also be carried by a 

single optical fiber, or even combinations of digital and analog data 29,30. 

 

 

Figure 1-2:  Generic all-optical WDM network 
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Large scale WDM networks will contain branches operating over a wide 

range of scales.  The fiber backbones will employ dense WDM (DWDM) 

technologies, operating with 32–100+ wavelengths to meet their huge 

bandwidth requirements.  Local exchange carriers, having more modest 

needs, may employ 8-32 wavelengths, while the metro / access markets are 

envisioned to employ 2-16 wavelengths.  Thus there is a need for WDM 

devices designed for operation with various numbers of wavelengths, allowing 

differing technologies to compete to meet the specific needs of each network 

segment.  One important consideration for the widespread adoption of WDM 

systems is the issue of standardization.  This is important not only for 

interconnection between various networks or segments of networks, but also 

to allow component manufacturers to produce components at known 

wavelengths that will be of interest to the widest majority of customers.  To this 

end, an initial standard wavelength grid was established by the ITU with a 

frequency spacing of 100 GHz (~0.8 nm) 31.  This has recently been extended 

to a 50 GHz (~ 0.4 nm) spacing ranging from 190.10 THz (1577.03 nm) to 

196.65 THx (1524.50 nm) to meet the expected near term need for additional 

bandwidth.   Standards bodies are already considering the need for a 25 GHz 

grid, and extending the grid wavelengths to other wavelength bands as well. 
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1.1.2 EDFAs 

Clearly, WDM techniques greatly expand the capacity of fiber optic 

links, and allow the development of new wavelength based routing topologies 

for future systems.  However, although one of the most important features of 

optical fiber links is the extremely low loss characteristic of the fibers 

themselves, commercial fiber systems are not capable of operating over the 

hundreds or thousands (in the case of trans-oceanic links) of kilometers 

necessary in modern communications networks.  The signals must be boosted 

at regular intervals, which has typically been done by regeneration every 25-

150 km 32. This implies optical detection of the data, and re-transmission of the 

signal on another laser carrier.  Such regeneration stations are generally 

expensive to deploy and maintain, and as the bit rates of the system expand 

the regenerator components must be upgraded as well.  The use of WDM 

makes such regeneration stations prohibitively expensive, since the station 

would be required to contain optical demultiplexers, multiplexers, and separate 

detector and laser transmitter pairs for each wavelength carried by the fiber.  

High channel count, long distance WDM links would not be possible to deploy 

in such a scenario.  Thus, one of the most important developments needed for 

high channel count WDM to be considered as a viable network technology 

was the emergence of a signal amplifying technique that does not require 

separate optical regeneration of each wavelength.  The development of rare-

earth based optical fiber amplifiers over the past decade 33,34, which are 



 
 

11

capable of amplifying multiple laser signals within the fiber itself, has met this 

requirement. 

Rare-earth doped optical fiber amplifiers are conceptually very simple 

devices.  An optical fiber is created which includes a small amount of an 

optically active material, in this case one of several rare-earth elements, as a 

dopant in the core of the fiber.  The choice of dopant is based primarily on the 

wavelength band of operation, and in the case of the 1550 nm band, erbium is 

found to have the proper optical properties 35.  The dopant in the core is 

capable of being optically excited, or pumped, into a metastable energy level, 

and when it relaxes into the ground state it emits light within the required 

wavelength band. The presence of an optical signal in the core will stimulate 

the emission of a photon at the same wavelength as the signal, thus allowing 

amplification.  The usefulness of a given dopant for amplification will depend 

on such things as the specific absorption and emission bands, the lifetimes of 

the various atomic energy levels, the spreading of these levels due to 

interaction with the glass host, the presence of excited state absorption levels 

for the pump energy, and a host of other atomic properties beyond the scope 

of this paper.  Erbium doped fibers for amplification of light in the 1550 nm 

band have allowed the development of all-fiber amplifiers with characteristics 

ideally suited for broadband communications systems, capable of being used 

as post (power) amplifiers 36, in-line amplifiers 37, and pre-amplifiers 38 with only 

minor configuration changes. Fiber amplifiers for the 1300 nm band have 
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proven more difficult to develop, although praseodymium-doped fibers have 

demonstrated some success 39. 

The basic schematic of an erbium-doped fiber amplifier is shown in 

Figure 1-3.  A length of erbium-doped fiber, generally a few meters to a few 

tens of meters depending on doping levels, is optically pumped by a high 

power CW semiconductor laser operating at either 980 nm 40 or 1480 nm 41.  

The signal and pump power are combined with low loss in a WDM, and 

delivered to the erbium fiber.  Optical isolators are generally used at the input 

and output, to prevent reflected signals in the link from causing instabilities in 

the amplifier, and to prevent amplified spontaneous emission (ASE) from 

propagating back down the fiber.  

 

 

 

Figure 1-3: Generic EDFA  
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Variations on this layout can include multiple pump sources, either co-

directional (as shown) or counter-directional pumping, multiple cascaded gain 

sections, internal optical filtering, or other more complicated designs that may 

be used to enhance certain operating characteristics of the amplifier. Typical 

operating characteristics include gains of better than 30 dB 42, high saturated 

output powers of 100 mW or more 43, low noise figures approaching the 

theoretical 3 dB limit 44, bit-rate independent gain, and extremely wide optical 

bandwidth of better than 40 nm 45. In addition, any of these parameters can 

generally be optimized at the expense of the others depending on the specific 

application.  For WDM systems, one of the most important parameters is the 

wavelength band of operation.  Figure 1-4 shows the typical gain spectrum of 

a standard conventional (C-band, operating from 1530 nm to 1560 nm) erbium 

amplifier. The exact spectral shape will vary with amplifier configuration, and it 

can be adjusted via filtering to have an extremely flat gain spectrum over a 

very wide wavelength range.  Recent developments have also opened up a 

long wavelength (L-band) region of operation for EDFAs from 1570 nm to 

1610 nm as well 46. It should also be noted that other fiber based amplifier 

technologies, the primary contender being Raman amplification 47, are being 

actively pursued as well.  These others are generally viewed as complimentary 

to EDFA’s, and are not expect to replace them; as of yet, no other technology 

has demonstrated the potential to match the EDFA market penetration. 
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Figure 1-4:  Conventional EDFA gain spectrum 
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A Bragg grating is simply a periodic change in the index of refraction 

written into an optical waveguide, that causes light to be reflected at a 

wavelength related to the period of the index variation according to the 

expression 

PG n λλ 02=                 (1-1) 

 

where λG is the reflected wavelength, λP is the period spacing, and n0 is the 

average index of refraction along the grating.  A schematic of a fiber Bragg 

grating being used in a multi-wavelength system is shown in Figure 1-5.  In 

this case only light at the Bragg wavelength is reflected, while all others pass 

through the grating undisturbed. 

 

 

Figure 1-5:  Fiber Bragg grating 
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the fiber.  The mechanism is not fully understood, but it is known to involve the 

formation of  color center  defects associated  with Ge (and other) core 

dopants 49 (for moderate intensity illumination) or glass densification due to 

localized heating 50 (for very high intensity illumination). The effect is 

commonly enhanced by the use of specially formulated photosensitive optical 

fibers 51, or by hydrogen loading of standard communications grade fibers 52. 

The two most common methods for writing these gratings are shown in Figure 

1-6.  The interference method is very flexible, but requires a highly coherent 

laser and an extremely stable set-up 53, while the phase mask method has 

much more relaxed optical requirements and is a very repeatable process, but 

it requires a separate, expensive, phase mask for each grating wavelength to 

be written 54.  Scanning methods can also be used to optimize the properties 

of the gratings produced, although this typically increases the required writing 

times 55. 

 

a) Interference method         b) Phase mask method 

Figure 1-6: Common techniques for writing fiber Bragg gratings 
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 Bragg gratings can be written with very narrow reflection bands (< 0.1 

nm), very low throughput loss (<0.1 dB), high reflection coefficients (> 30 dB), 

and low reflection side-lobes.  The grating can be chirped to produce 

extremely wideband reflection, which is useful for dispersion compensation in 

optical links 56, and it may be angled to reflect light out of the optical fiber 

entirely 57.  Long period gratings, which couple light into forward propagating 

cladding modes, can also be written, and have proven very useful as 

wideband spectral filters 58. 

 

1.2 WDM technologies 

There are many methods that have been proposed for providing the 

multiplexing and demultiplexing functions necessary in WDM systems.  

However, only a few have emerged as leading candidates for inclusion in 

commercial systems.  Some of the most important characteristics when 

considering the applicability of a given WDM technology to modern systems 

are: channel count / wavelength spacing, channel isolation, insertion loss, 

environmental stability, and cost.  In the following sections a brief description 

will be given of some of the types of devices, along with their properties, 

currently considered to be most competitive for inclusion in WDM systems. 
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1.2.1 Bulk Optics 

Bulk optical components have been used as wavelength selective 

components for years.  The two basic principles underlying these components, 

diffraction and refraction, are illustrated in Figure 1-7.  Of the two, diffraction 

gratings have found more widespread use in WDM devices, primarily due to 

packaging and stability constraints 59.  Such devices are capable very large 

channel counts, with devices having been demonstrated with > 100 

wavelength channels 60.  They do require collimating optics for both the 

incoming and diffracted light beams, and precise alignment of the fibers, 

collimating optics, and grating is necessary.  The bulk optics nature of the 

device results in relatively high insertion losses, which tend to increase with 

the channel count. Cost is extremely high, due to the precision packaging 

requirements, and maintaining performance through environmental 

perturbations is difficult for the same reason. Relatively high channel isolation, 

approaching 40 dB, can be obtained, generally at the expense of a higher 

insertion loss. 

 

 

 

 

       a)  Diffraction gratings                          b)  Refractive prisms 

Figure 1-7:  Bulk optic WDMs 
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1.2.2 Arrayed Waveguide Gratings 

In the last decade, a new type of wavelength selective filtering device 

has been developed, known as the arrayed wavelength grating 61.  These 

integrated optics components are essentially a pair of star couplers connected 

by an array of waveguides, each of which has an optical length difference ΔL 

with respect to adjacent waveguides.  This concept is illustrated in Figure 1-8.  

 

 

 

 

 

 

 

 

 

Figure 1-8:  Arrayed waveguide grating 

 

Conceptually, the light from the input waveguides is coupled through the initial 

interaction region to the arrayed waveguides with an equal phase.  The path 

length differences in the array result in an accumulated phase delay, and thus 

when the beams are combined in the second interaction region there is spatial 

interference.  The wavelength dependence of this interference results in 

different wavelengths exiting out of the various output waveguides.   
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 These devices can be scaled up to handle large numbers of closely 

spaced wavelength channels 62. Losses tend to be relatively high, due to a 

combination of on-chip waveguide loss and fiber pigtailing losses.  Moderate 

channel isolation of 20-30 dB is typical, with a relatively narrow optical 

bandpass, and in general the chips need some type of temperature 

stabilization to avoid channel drift 63.  A useful feature of these devices is the 

fact that changing the input waveguide results in a shift in the output port for a 

given wavelength.  This wrap-around filtering characteristic opens up a wide 

range of system applications, especially when employed in a looping 

configuration 64. 

 

1.2.3 Thin Film Dielectric Filters 

A relatively successful technology employed for low to moderate 

channel count WDM devices uses thin film dielectric filters 65.  In these 

devices, the wavelength selective component is a filter composed of many thin 

layers of material with different indices of refraction.  The filtering 

characteristics depend on the index difference between the alternating layers, 

the thickness of the film, the number of layers, and the angle of incidence.  

Filter bandpass is roughly inversely proportional to the number of layers.  

Figure 1-9 shown how such filters are typically used in a WDM device. 
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Figure 1-9: Thin film interference filter WDM 

 

A series of filters is used to selectively pull off a single wavelength from 

an incoming beam of light, which is then coupled into an optical fiber, while 

allowing all others to pass through.   These devices can typically achieve 30 

dB of isolation, and exhibit about 0.3-0.5 dB of insertion loss per filter 66.  This 

means the loss is non-uniform for the different output ports, and increases with 

increasing channel count.  They require collimating optics similar to the bulk 

diffraction grating devices, and the precision assembly required makes them 

moderately expensive. 

 

1.2.4 Fiber Bragg Gratings 

Section 1.1.3 introduced fiber Bragg gratings (FBGs) and described 

some of their unique properties.  The ability to strongly reflect a narrow 

wavelength band while allowing all other light to propagate through a fiber with 

minimal loss, as well as the potential for their low cost mass production, has 

led to the design of a variety of DWDM devices which include a FBG as the 

filtering agent.  The most natural use for such devices is as add/drop 
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multiplexers, and Figure 1-10 shows three of the most promising methods for 

employing FBGs in this manner. 

 

 

    a) Circulator              b) Mach-Zehnder        c) Coupler 

 

Figure 1-10: Grating based optical add / drops 

 

In Figure 1-10 a), an optical circulator (a device which is capable of 

routing light into different fiber leads depending on its direction of travel) is 

used to remove the light reflected by the grating from the transmission fiber 67. 

Such circulators are still expensive, however, and the round trip of the signal 

through the circulator adds approximately 1 dB or more of insertion loss.  The 

Mach-Zehnder approach shown in Figure 1-10 b) involves the use of two low 

cost, low loss fused fiber 3 dB couplers.  A pair of gratings is written in the 

fibers between the couplers, and the reflected light couplers over to the 

unused port on the input side of the couplers, while the unreflected signals 

couple over to the second fiber on the output side 68.  Such devices can have 

very low loss, but they typically must be fine-tuned to provide phase matching 

for the two central fibers in order to get proper directivity of the reflected light, 

or
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which complicates the fabrication process, making it less cost effective.  In 

Figure 1-10 c), a FBG is written directly into the fused region of a fused fiber 

coupler.  This can be either a null coupler, in which the unreflected light 

passes out  through  the original fiber and the grating is written at a slight 

angle 69, or a 100% power coupler, where the grating is perpendicular to the 

fiber axis and the unreflected light couples over into the second fiber at the 

output 70.  Both devices can provide low loss and high isolation, but the null 

coupler requires precise control over the initial coupler fabrication to determine 

the fiber propagation constants in the fused region, and thus the wavelength of 

the reflected light, while the 100% coupler (in principle identical in operation to 

the Mach-Zehnder type) requires precise grating placement within the fused 

region to achieve high directivity of the reflected light into the desired fiber. 

 

1.2.5 Fused Fiber Couplers 

Fiber couplers are conceptually very simple devices.  They consist of 

two sections of standard single mode fiber that have been fused together 

lengthwise, then tapered and elongated 71.  There are no other components 

such as lenses, mirrors, gratings or other bulk optics devices used in their 

construction, and they are readily compatible with other fiber system 

components in that they can be routinely spliced to other fiber pigtailed 

devices.  The basic concept is illustrated in Figure 1-11. 
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Figure 1-11:  Tapered fused fiber coupler 

 

 To create a fused fiber coupler, two fibers are stripped of their plastic 

coating and placed in contact lengthwise.  A heat source is brought in 

proximity to the fibers to heat and fuse them together.  The fiber ends are then 

pulled to create a biconically tapered structure.  If light is launched into the 

input of one of the two fibers while monitoring the outputs, it will be observed 

that eventually light will begin to couple over from the initial fiber into the 

second.  The process describing this coupling is illustrated in Figure 1-12.   As 

the fibers are tapered, the shrinking fiber geometry results in an expansion of 

the mode field out of the fiber core.  Eventually, the mode fields of the two 

fibers overlap, resulting in evanescent coupling of light from one fiber two the 

other.  However, if the fusing process is continued, the two fibers will form a 

composite waveguide defined by the interface between the outer surface of 

the glass fibers and the surrounding air.   
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a) Fiber geometry                                           b)  Mode profile   

 
Figure 1-12:  Physical interpretation of coupling in tapered fused fibers 

 

If the taper angle is kept small, the input light will excite only the two lowest 

order modes of this composite waveguide, and these modes will interfere, 

resulting in an energy transfer at the end of the tapered region from one fiber 

to the other. The degree of energy transfer is determined by length of the 

fused region, which depends on the fusing time and fiber pulling rate.  By 

precisely controlling the fabrication conditions, the fused coupler can be made 

to perform specific functions.  Couplers that are slightly fused over a limited 

length will couple only a fraction of the optical power, and therefore function as 
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a tap coupler or as a power splitter.  More highly fused couplers over a longer 

length can undergo multiple power transfers.  This power transfer is, in fact, 

wavelength dependent, and a properly constructed device can be made to 

couple light at one wavelength while not coupling it at another, producing a 

wavelength division multiplexer.   The properties of such WDMs will be 

examined in detail in later sections. 

 

1.3 Dissertation Overview 

In discussing the topic of fused fiber waveguide devices, this work was 

not intended to present an exhaustive study of the theoretical modeling 

required to fully characterize their operation, nor does it explore the wide 

variety of optical devices which can be produced using the fused fiber 

technique.  The objective was to focus on the fabrication of fused fiber WDMs, 

and understand the parameters that most affect their usefulness in modern 

communication systems, with primary interest placed on polarization issues.  

The major goal was to develop a process for controlling the polarization 

dependence of narrow channel fused fiber devices, and relate the process 

parameters to basic theory to allow for better understanding of tapered fused 

fiber devices. 

Chapter 2 describes the basic theory of coupling in fused fiber devices, 

and indicates the origin of polarization dependent coupling in these tapered 

structures.  It fully describes the production methods, equipment, and 
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parameters used to successfully create, package, and characterize 

polarization independent narrow channel (PINC) fused fiber WDMs.  It also 

presents a detailed explanation of the optical properties of PINC WDMs, and 

shows the functional dependence of these optical properties upon specific 

fused fiber process parameters. 

Chapter 3 deals with the cascading of multiple PINC WDM couplers to 

create devices capable of higher channel count multiplexing, add/drop 

functionality, or delivering enhanced isolation performance.  The limitations of 

fused fiber couplers in performing such roles, due to residual polarization 

dependence, are discussed. 

Chapter 4 explains the effect of index of refraction changes in fused 

fiber WDMs, and develops a theoretical basis for estimating the effects such 

changes will have on coupler operation.  A comparison is made to measured 

temperature effects in narrow channel WDMs.  Finally a method for altering 

the index of refraction in fused fiber couplers is demonstrated, and proposed 

as a technique for fine tuning their optical properties. 

Chapter 5 demonstrates the use of fused fibers in selected applications, 

ranging from devices, sensors, and system demonstrations.  The key role of 

controlling device polarization sensitivity is highlighted. 

Finally, Chapter 6 summarizes the key results of the previous chapters, 

and highlights some areas in the fused fiber field that would benefit from future 

study. 
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Chapter 2 

Narrow Channel Fused Fiber WDMs:  Theory, 
Fabrication, and Performance 

 

 Chapter 1 introduced the basic concept of a fused fiber coupler.  

Standard fused fiber couplers, such as 3 dB splitters, have become common 

components in fiber optic systems since they were first developed in the early 

1980's.  Their wavelength dependent coupling properties have been used to 

produce WDMs with relatively wide channel separations, most notably at 

1300/1550 nm 1,2 for laser transmitter signal multiplexing, and 980/1500 nm 3,4 

and 1480/1550 nm 5,6 for pumping of rare-earth doped fiber sources and 

amplifiers.  However, as the channel spacing for these devices is decreased to 

the 100 nm range and below, the performance in general becomes severely 

degraded due to an increasing polarization dependence of the coupling ratio 

of the device 7,8,9,10.  To successfully use narrow channel fused fiber WDMs in 

deployed fiber optic transmission systems, it is necessary to be able to 

produce devices that do not suffer from this inherent limitation.  This chapter 

will describe a method that has been developed to fabricate narrow channel 

fused fiber devices in which the polarization dependence is minimized.   It will 

begin with a review of the theory behind coupling in fused fiber couplers, will 

describe the fabrication techniques that result in a polarization independent 
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narrow channel device, and demonstrate the measured performance 

characteristics of the narrow channel WDM couplers. 

 

2.1  Basic Theory and Operation of Fused Fiber WDMs 

 As discussed in Chapter 1, as the fibers are tapered in a fused fiber 

coupler, light initially launched into one of the fibers detaches from the core 

and becomes guided by the cladding / air interface.  Low loss tapers will excite 

the two lowest order  (LP01 and LP11) modes of this composite waveguide 11.  

Since the propagation constants ( β01  and β11  ) are different for these two 

modes, there will be a beating of the modes as they propagate down the fused 

region of the coupler, resulting in a transfer of power from one output fiber to 

the other. The transferred or coupled optical power Pc is related to the 

effective coupling coefficient C and the coupling length L by the simple 

function 12 

    Pc = Po sin2(C ⋅ L)                   (2-1) 

where Po is the initial power launched into one of the fused fiber coupler 

inputs. Here, the coupling coefficient, given by  

C  =  
2

1101 ββ −
             (2-2) 

 is a function of the cross-sectional dimensions of the waveguide and the 

wavelength λ of the input signal.  Since the cross section of the fused coupler 

is actually varying along the tapered region, a more precise version of  (2-1) is 

given by 
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   Pc =  P0  sin2 ( ∫L zdzzC
0

)( ).              (2-3) 

 In the case of strongly fused couplers, a simple approximation of the 

tapered region is the rectangular cross section depicted in Figure 2-1, where 

‘a’ and ‘2a’ are the dimensions of the coupler, and n and n0 are the index of 

the glass and surrounding medium, respectively.  

Figure 2-1:  Rectangular cross section approximation 

 

Since the couplers described hereafter will always be surrounded by 

air, n0=1 in the relations which follow.  Using this strongly fused model for the 

coupling region, the coupling coefficient is found (to lowest order of V) to be 

approximated by 13 

   C  ≅ 22 )11(
1

32
3

Vna +

πλ
             (2-4) 

(This is equivalent to the form of Cy defined later and derived in Appendix A), 

where the normalized frequency V is defined to be 

n0

n a

2 a
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   V = 12 2 −na
λ
π

.              (2-5) 

In the wavelength regions of interest ( λ ≤ 1.55 μm),  with typical coupler waist 

dimensions (a ≥ 3 μm ),  the V values are fairly large, and the dependence of 

the coupling coefficient C on λ is approximately linear and can be expressed 

as  

   C = b ⋅ λ + Co              (2-6) 

where Co is a constant and b is a factor which depends on the cross-sectional 

dimensions of the coupler. 

 Boundary conditions are determined from the functional requirement for 

WDM operation, which are that there be 0 (or 100%) coupled power at λ1 and 

100% (or 0) coupled power at λ2, or 

  Pc(λ1) = Po(λ1) sin2[C(λ1) ⋅ L] = 0 or 1 

    Pc(λ2) = Po(λ2) sin2[C(λ2) ⋅ L] = 1 or 0            (2-7) 

In order for these equations to be valid, the following conditions must be 

satisfied 

   C(λ1) ⋅ L = K ⋅ π/2 

    C(λ2) ⋅ L = (K+1) ⋅ π/2             (2-8) 

where K is an integer ≥ 1. 

 Using Equations (2-7) and (2-8), the coupling length can be related to 

the WDM channel spacing Δλ = λ2  - λ1  by 

   L = π/[2b ⋅ Δλ] .              (2-9) 
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This indicates that for a given coupler cross-sectional dimension (which 

determines the parameter b, narrow channel WDMs require a longer coupling 

length L. 

 

2.2   Polarization Dependence 

 One critical feature that a narrow channel WDM coupler must exhibit is 

polarization independent operation.  Laser transmitter signals have a high 

degree of polarization, but after transmission over a short length of non 

polarization maintaining (PM) fiber (PM fiber is avoided whenever possible in 

fiber links since it typically will cost about two orders of magnitude more than 

standard telecommunications fibers), the signal is randomly polarized due to 

accumulated birefringence along the length of fiber and time varying 

environmental perturbations that induce changes in the fiber birefringence 14. 

This means that there will not be a well-defined polarization state at the input 

to a WDM coupler, and therefore its operation, or coupling properties, must be 

independent of polarization.   

 Due to the asymmetrical cross-sectional geometry depicted in Figure 2-

1, the coupling coefficient C will not be the same for light which is polarized in 

the two different axes which are defined by the edges of the rectangle (here 

the x axis will be defined as horizontal and the y axis as vertical. This 

birefringent effect can be most easily expressed by assuming equal input 
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power in the x and y components, i.e. Po = Pox + Poy , separating the optical 

power into component terms, then recombining the terms. 

  Pc = Poxsin2(Cx  ⋅ L) + Poysin2(Cy  ⋅ L) 

       = 1/2 Po{1 - [cos(Cx + Cy) ⋅ L][cos(Cx - Cy) ⋅ L]}        (2-10) 

       = ½  P0 { 1 – cos(C+ L)  cos(C- L) }    

Cx and Cy are the coupling coefficients for light polarized among the x and y 

axes (see Appendix A).  In this form the standard oscillatory component to the 

coupling, and a slowly varying polarization modulation envelope, with 

amplitude cos(C– L), are both evident.  The magnitude of the coupling 

coefficients for these two terms, once again using the rectangular model and 

assuming large V numbers and so calculating to the leading order in V, are 15 

 C+   =  

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

+
+

+ 2
2

2
2

)1.11(

1

)11(

1
32

3

VnV
na
πλ

 

 C-   =  )11(1.
16

3
22 nVna

−
πλ

           (2-11) 

If these terms are taken to lowest order of λ/a, it is observed that the standard 

oscillatory term varies linearly with λ, as previously described, while the 

polarization modulation envelope will vary as λ2. 

 In order to realize a low cross-talk WDM, i.e. a polarization independent 

WDM where Pc = Po, the conditions to be satisfied are 

    C- ⋅ L  = M ⋅  π     

    C+ ⋅ L  = K ⋅ π            (2-12) 
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where M is an integer.  The first condition corresponds to coupling conditions 

resulting in the polarization modulation envelope peaks.  It should be noted 

that Cx and Cy, although different, are actually almost equal in magnitude.  

This means that C- is actually quite small, and C-⋅L does not become 

significant until the coupling length becomes sufficiently large.  This implies 

that couplers with relatively large channel spacings will have inherently small 

polarization dependence, since the channel spacing is inversely related to the 

pulled length, as indicated in Equation 2-9. The second condition is equivalent 

to C ⋅ L = K ⋅ π/2, but for a randomly polarized input signal.  While it is possible 

to make the coupling coefficient length product satisfy the condition C(λ1) ⋅ L = 

K ⋅ π/2 for one polarization, it cannot be done simultaneously (for the same 

value of K) for the orthogonal polarization. Therefore, since any arbitrary input 

field is, in general, a time varying sum of the fields polarized along x and y, the 

coupled power will not be 0 or 100%, i.e. the WDM will suffer cross-talk. 

Therefore, the key to realizing a polarization independent narrow channel 

(PINC) WDM is to achieve a coupling condition with a proper K for the 

required channel spacing, and with an integer value of M.  That is, in making 

the coupler, the fusing/elongation must be stopped so that the coupling is 0 or 

100 %, and this must be done at one of the polarization envelope peaks.  

Unfortunately, one does not have independent control over these two 

(coupling such that both K and M are integers) conditions. Stopping the 

process at one envelope peak determines a limited range of K values and a 
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corresponding range of channel wavelength spacings. It is, however, possible 

to tune Δλ within each range (i.e., for each value of M) by adjusting the 

fabrication parameters 16,17, all of which are interdependent.  To understand 

this interdependence and control each parameter in a precise and 

reproducible way to achieve the desired WDM properties is a major 

requirement in achieving successful PINC WDM fabrication. 

 

2.3    Production of PINC WDMs (Basics) 

 During the process of creating a PINC WDM, either circularly or 

randomly polarized light is input into one of two fibers that are fused together 

and tapered, and the output power of each fiber is monitored as the coupler is 

elongated.   The injection of light that has roughly equal amounts of power 

polarized in both the x and y is critical, since it allows one to view the effects of 

form birefringence (the polarization effects caused by the non-circular cross-

section of the fused region) on the coupling properties. As the fused fibers are 

pulled and tapered, both the degree of fusion, i.e. the coupling coefficient, and 

the coupling length are gradually increased. It is observed that initially no 

power is transferred from the input fiber to the other.  As the pulling continues, 

resulting in increasing coupling length and coupling coefficient, light begins to 

couple over from one fiber into the second fiber, and if the process is allowed 

to proceed the optical power is observed to cycle sinusoidally between the two 

output ports, as predicted in Section 2.1. If the coupler is drawn to sufficient 



 43

lengths, form birefringence in the coupled region results in a sinusoidal 

envelope modulating this power transfer.  A PINC WDM is created when the 

pulling is halted and the output power is observed to be simultaneously at an 

extremum in the coupled power and at a maximum in the polarization 

envelope.  A typical plot of the output of one port of a fused fiber coupler as it 

is being manufactured (using unpolarized input light) is shown in Figure 2-2. In 

this plot the output from only the coupled optical fiber is shown for clarity.  The 

optical power in the original fiber is observed to be the compliment of that in 

the one shown. 

 

 

 

Figure 2-2:  Coupled power as a function of pulled length in a  
fused fiber coupler 
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 It is clear that the coupling is an oscillatory function of elongation, with 

the relative coupled power changing from 0 to 1 in the initial stages of 

coupling.  As the fibers are drawn closer together, their diameters decrease as 

they are fused/elongated.  Eventually, the two fibers are no longer 

distinguishable as they are fused into a single waveguide as shown in Figure 

2-3.  These SEM photographs of coupler cross-sections for a first envelope 

PINC WDM verify that there is a significant difference in the composite 

waveguide dimensions in the plane of the fibers (x) and perpendicular to the 

plane of the fibers (y) at various points along the fused region, resulting in 

significant form birefringence. 

 The photographs in this figure are of identically produced PINC WDMs 

stopped at the first polarization envelope, having a channel spacing of 

approximately 22 nm. The couplers were cleaved at various points in fused 

region, starting at the center (inset d) and then at 5 mm increments away from 

the center point (insets c, b, and a). Figure 2-3 shows the high degree of 

fusion that is typical of the couplers produced in our fabrication station, which 

justifies the use of the highly fused rectangular model introduced in section 2.1 

to describe their behavior. 
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Figure 2-3:  Cross sectional SEM views of a PINC WDM 

 

 To realize a WDM coupler, the fusing/elongation is stopped at a 

minimum or maximum of the coupled power function.  If the input light is at 

one of the indicated operating wavelengths, λ1 , this satisfies the condition  

C(λ1) ⋅ L = K ⋅ π /2 , and the coupled power will be either 0 or 100% for the 

WDM channel at λ1 as required.  The value of λ2 is fixed once the process is 
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stopped; it will depend on a and L, or equivalently, the number of coupling 

cycles that occurred during fabrication, i.e. the value of K.   It has been found 

empirically that for a 1300/1550 nm WDM, K = 5, whereas for a first envelope 

narrow channel WDM at 1550 nm, K is in the range of 60 to 100.  This is one 

of the critical requirements in making a PINC WDM coupler, that the 

fusing/elongation process be stopped at the specific coupling maximum or 

minimum such that the second channel wavelength λ2 matches the design 

wavelength corresponding to the second channel laser transmitter wavelength.  

 Typical fibers used for couplers are either standard single-mode fiber 

(SMF) or dispersion shifted fiber (DSF) 18 with typical core and cladding 

diameters of 9 μm and 125 μm, respectively, although other types of fibers 

have also been used successfully.  The primary requirements on the optical 

fiber are that it be single mode at the wavelengths of interest, and that it be of 

a matched cladding design.  Fibers with a depressed inner cladding cannot be 

used to fabricate low loss fused fiber WDMs without some type of pre-

treatment, such as etching to reduce the fiber diameter, since the multiple 

index profile of the fiber causes light to be launched into higher order modes in 

the down-taper section of the coupler 19,20, and prevents the efficient transfer 

of power back into the cores of the fibers in the up-taper sections of the 

coupler. Fibers with titanium diffused into the outer cladding to increase their 

mechanical strength have similar issues, since the titanium increases the   

index of refraction of this outer section of the fiber. 
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2.4    Production of PINC WDMs (Detailed) 

 To produce narrow channel, highly overcoupled fused fiber couplers, a 

semi-automated fusion station has been assembled. A schematic for this 

station is depicted in Figure 2-4. 

 

Figure 2-4:  Fused fiber coupler station schematic 

 

 The main subsystems for this fabrication station are: a tunable light 

source with associated polarization controller; fiber end clamps for positioning 

and holding the optical fibers; an oxygen/propane micro-torch and associated 
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gas flow controllers for fusing the fibers together; a 5 axis motorized drive 

controller for elongation the fused fibers and positioning of the micro-torch; 

detection electronics to monitor the output of the fused coupler; and a 

computer for process control.  These subsystems will be described more 

completely in a later section. 

 

2.4.1 Fiber Preparation 

 The process of producing a PINC WDM begins with stripping the buffer 

material from the optical fibers (with a length of roughly 1 meter) over a 

distance of approximately 20 mm.  This is done using a mechanical blade fiber 

stripper in conjunction with a stripping jig that allows a precise, predetermined 

amount of buffer to be removed in a repeatable fashion.  The amount of 

stripped region is determined by the fiber clamp apparatus, and is kept to a 

minimum to reduce the final packaged size of the coupler.  The stripped 

regions are wiped with an acetone soaked lens tissue to remove any buffer 

residue, and then placed in an ultrasonic acetone bath for approximately 20 

seconds for additional cleaning before being blown dry with a stream of dry 

nitrogen.  This cleaning process is critical for achieving a low loss fused fiber 

coupler.  Any plastic buffer or dust particles remaining on the fibers will either 

prevent the fibers from fusing together properly, or will result in a local hot spot 

as it is burned off when the flame is brought underneath the fibers.  Such hot 

spots will result in localized necking of the tapers, destroying the adiabatic 
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condition necessary for low loss coupling.  Once cleaned, the fibers are placed 

in the fiber clamps by setting them side by side in a rectangular groove that is 

slightly larger than twice the outer diameter of the buffered fiber.  The clamp 

on one side is closed, and a slight tension is applied by hand to the two fibers 

before closing the clamp on the other side.  The stripped fiber sections should 

be parallel between the alignment assemblies, with no twist or sag in the 

fibers.  The glass fibers are then brought into contact by pushing them 

together with specially designed pushrod tips, while observing the fibers 

through a slide mounted optical inspection microscope.  The fibers are pushed 

evenly towards the centerline, so that they are in contact over approximately 

95% of the distance between the pushrod pairs.  If too little pressure is 

applied, the fibers will separate when heat is applied; too much pressure will 

result in excess tension on the fibers that will cause twisting of the fibers once 

the heat of the flame begins to soften the glass of the fiber.  As a rule of 

thumb, proper pressure is applied if a gap is allowed to remain between the 

fibers for a distance of 1/2 the pushrod tip diameter beyond the point where 

the pushrod contacts the optical fiber.  This is illustrated in Figure 2-5.  Once 

the fibers are properly aligned, the input end of one fiber, and output ends of 

both fibers, are stripped, cleaved, and then connected to the optical source 

 and detectors with mechanical splices. 
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Figure 2-5:  Fiber alignment with pushrods 

 

2.4.2    Fiber Fusion and Tapering 

 Once the fibers are in place, the micro-torch is positioned directly 

underneath their center line and then raised so the flame is in close proximity 

to the two fibers.  This distance is typically 1-2 mm from the torch tip to the 

surface of the fibers, although the exact distance will depend on the gas flow 

parameters and the degree of fusion that is hoped to be achieved.  Once 

positioned beneath the fibers, the torch tip is toggled by a predetermined 

amount along their length.  This toggling allows a smooth, uniform tapering 

profile to be achieved, since it helps eliminate any harmful effects cause by 

any local hot spots in the flame’s temperature profile 21,22. It also adds a 

degree of freedom to the fabrication process, allowing more control over the 

cross sectional geometry, and hence the resulting optical characteristics, of 

the finished coupler.  The torch is toggled for one complete pass underneath 

the fibers before elongation is begun, to initially tack the fiber together and 

help reduce the chances of fiber separation. The range over which the flame 
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may be toggled does have limits.  On the low side, the effective toggle length 

is limited by the allowable taper angle of the fiber, which is determined by its 

numerical aperture (NA).  If the toggle distance is too small, the taper angle 

becomes large enough such that light no longer couples in an adiabatic way 

from the guided mode of the fiber into the two lowest order modes of the 

composite waveguide.  This causes the excitation of higher order modes in the 

coupled region, which do not couple efficiently back into the guided mode of 

the fibers  at  the  up-taper region, resulting in a high optical loss for the 

coupler 23,24,25.  On the high end, the toggle length is limited by practical 

considerations of the allowable length of the finished device.  A typical toggle 

length for the equipment used is ± 3 mm, with low loss couplers having been 

produced with toggle lengths varying from ± 1.25 mm up to ± 6 mm.  When 

operating near these extremes in toggle length, some artifacts in the observed 

couple power are observed, primarily in the portion of the taper when light is 

first beginning to couple from one fiber to the other.   Figure 2-6 shows typical 

coupled power curves for couplers fabricated with toggle lengths of ± 2 mm 

and ± 6 mm.  For the short toggle length depicted in Figure 2-6 a), there is a 

period of time during which the taper angle of the coupler begins to exceed the 

NA of the fiber, and light begins to leak out of the taper without coupling into 

the second fiber, resulting a period during which relatively high excess loss for 

the pulled coupler may be observed.  As the tapering process continues, 

however,  the  taper  angle  is  reduced,  and  this  light  eventually  no  longer 
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a) 2 mm toggle 

b) 6 mm toggle 

 

Figure 2-6:  Initial coupling properties for extreme toggle lengths 
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escapes the taper, restoring the low loss operation of the device. For long 

toggle lengths such as that depicted in Figure 2-6 b), there is often a ripple 

observed in the coupled power as a function of pulled length.  This is due to 

the fact that during the initial coupling period, only a relatively small section in 

the center of the heated region has been tapered to a small enough cross-

section to allow coupling to begin to occur.  When the flame toggles out of this 

region, coupling no longer increases even though the fibers are still being 

elongated, resulting in a pause in the rate of change of the coupling from one 

fiber to the other.  As the flame moves back into coupling region of the fiber, 

the change in coupling resumes.  Eventually, the fibers are elongated to the 

point where the entire toggle length is within the effective coupling region of 

the device, and this ripple disappears. 

 Once coupling has been observed in the devices as they are being 

tapered, two changes in the fusing conditions are made to ensure that the 

device is not overheated.  A well-fused geometry for the couplers helps ensure 

slightly better stability and reduces both fabrication time and the final device 

length.  To achieve this result, the initial flame conditions are such that the two 

optical fibers are sufficiently heated to allow them to fuse solidly together.  As 

the fibers are pulled, however, their diameters are reduced to a degree such 

that less heat is required to continue drawing them.  If the amount of applied 

heat is not reduced, the fibers become too soft, which results in a deformation 

of the coupling region that can cause high excess loss or asymmetrical 
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coupling.  To avoid this overheating, when the coupled power in the device 

reaches a set amount (approximately 4% in the current configuration), the 

flame is gradually withdrawn, at a rate of 0.01 mm/sec, until it has been pulled 

down an additional 1.0 mm away from the fibers.  In addition, the toggle speed 

of the torch, initially set to 1.0 mm/sec, is increased to 2.0 mm/sec. 

 The tapering process is continued until the desired degree of coupling 

has been achieved.  This is generally accomplished by stopping the tapering 

after a predetermined number of half coupling cycles has occurred (proper 

operation as a WDM allows stopping at either a maximum or minimum in the 

coupling).  This stopping point is determined empirically for each set of fusing 

conditions by making test runs and measuring the properties of the resultant 

couplers.  For very narrow channel devices, which can be pulled through a 

hundred or more cycles, it becomes impractical to monitor the individual 

coupling cycles, and the polarization envelope is monitored instead.  Due to 

the nature of the heating process, there is an overshoot in the coupling ratio 

that occurs when the operator halts the elongation of the fibers.  This is due to 

the finite speed at which the flame can pull away from the fibers and the 

change in coupling that occurs in the device as the fibers cool down to room 

temperature (a more complete discussion of this effect will be presented in 

Chapter 4).  This overshoot ranges from a few percent when making very wide 

channel WDMs which have been pulled through only a few coupling cycles, to 

more than a complete coupling cycle for devices with channel spacings of 5 
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nm or smaller.  To some degree this overshoot is a function of the rate at 

which the fibers are being elongated.  For a constant pull rate, a compromise 

must be made between the time required to fabricate a device, and the degree 

of control the operator has over the final stopping point.  Pull rates of 0.01 

mm/sec per stage provide adequate control over the stopping point (slower 

pull rates do not help much because the uncertainty in the final coupling 

becomes limited by the overshoot due to the cooling of the fibers, and not by 

the rate of change of the coupling, but may result in processing times of 30 

minutes or longer for narrow channel devices).  Higher pull rates of up to 0.1 

mm/sec per stage can be used to drastically reduce the time to produce a 

device, but the rate of change of the coupling for devices pulled through 

several polarization envelopes is too fast to allow the elongation to be stopped 

at the peak of the polarization envelope in a reliable manner.   As a 

compromise, the fabrication station was designed to allow the pull rate of a 

given coupler to be changed on the fly, allowing fast pull speeds in the early 

stages of fusing, and slower pull rates when the coupler is near the final 

stopping point.  This speed change can be initiated at any point in the fusing 

process, depending on the type of coupler being fabricated. 

 

 

2.5    Fabrication Station Equipment  

  This section will describe in greater detail the equipment used to 

fabricate narrow channel fused fiber WDMs, which was shown in schematic 
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form in Figure 2-4.  This system, developed at SPAWAR System Center in 

San Diego, CA, has evolved from a much simpler configuration first 

assembled more than a decade ago.  The operation of the fabrication station 

can be broken down into five major sub-systems, and these are described in 

the following paragraphs. 

 

 

2.5.1    Motion Control and Fiber Positioning Jig 

There are a total of 5 positioning stages and associated computer 

controlled motor drivers (Aerotech ATSO300 stages, 4 axis U500 driver, and 

single axis U100 driver) used in the fused fiber fabrication station.  Important 

design criteria for the motorized stages include smooth operation over a wide 

range of velocities from 0.001 to 4 mm/sec, a minimum 2 inch range of motion, 

and the ability to execute multiple commands simultaneously and change 

speed on the fly.  For the two stages used in drawing of the optical fibers, DC 

servo motors are used to provide smooth motion during the drawing process. 

The stages with these motors are mounted in opposing positions on a 

precisely machined submount designed to ensure that the two stages are 

parallel and co-planar. 

 A fiber alignment and clamping jig is mounted on top of each of the two 

drawing stages as depicted in Figure 2-7.  Each clamping mechanism has a 

removable insert containing a rectangular groove designed to hold the two 

optical fibers.  The width of this groove is set equal to twice the outer diameter 
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of the protective plastic buffer of the optical fiber to be used, while the depth is 

fixed at approximately 85% of the buffer diameter.  Removable inserts are 

used to allow couplers to be made from optical fibers with multiple cladding 

diameters, with a separate set machined for each anticipated fiber size.  The 

optical fibers are held in place within the grooves by clamps with a magnetic 

latching mechanism along with a rubber O-ring segment which both cushions 

the fibers in the clamp and provides the necessary high friction surface to hold 

the fibers in place during coupler elongation. 

 

 

Figure 2-7:  Fiber clamps on pulling stages 
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 The fiber push rods (comprised of opposing sets of non-rotating spindle 

micrometers) used to place the bare glass of the two fibers in contact are also 

integrated into the fiber clamp assembly.  The entire assembly is once again 

precision machined to achieve optimum alignment of the optical fibers and 

eliminate any lateral stresses on the clamped fibers, which would result in 

bending or twisting of the glass when heat is applied and the fusion process is 

begun. 

 

2.5.2 Light Source 

 The basic components for the light source sub-system are shown in 

Figure 2-8.  The main requirement for the light source itself is that it be tunable 

over the entire wavelength range in which couplers will be made.  Additional 

concerns when selecting a light source are its power output, stability, optical 

bandwidth, and polarization properties.  The source used for production of 

couplers in the 1550 nm wavelength band is a tunable erbium doped fiber ring 

laser (MPB Technologies model EFL-R98-T), which has a nominal tuning 

range of 1520-1570 nm with a minimum output power of 7 mW.  The optimum 

source for monitoring of PINC WDMs during fabrication would be completely 

unpolarized, since this results in a well-defined polarization envelope that can 

then be monitored for the proper elongation stopping point.  Since the output 

of the tunable laser is linearly polarized, a polarization controller (General 

Photonics model PLC-03) is used to adjust the polarization state of the light at 
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the input to the coupler to ensure that light with polarization oriented along 

both the horizontal and vertical axes of the fibers is present in roughly equal 

amounts. 

 The remaining components making up the light source assembly are a 

pair of fused fiber splitters.  The first taps off approximately 10 % of the source 

light so that the wavelength can be accurately measured by an optical 

spectrum analyzer. The rest of the source light is then split into two arms, half 

going to one of the input fibers of the fused coupler under manufacture, while 

the other half is sent directly to the detection system to correct for possible 

drifts in source power levels.  These splitters are generally designed to 

operate over a limited wavelength band, and a set is required for each 

wavelength region that will be used for coupler manufacture. 

 In the absence of a tunable source covering the wavelength region 

required for a particular coupler, single frequency laser sources operating at 

the desired wavelength may also be used.  If very narrow channel couplers     

(Δλ ≤ 10 nm) are being fabricated, care must be taken to choose source lasers 

with a narrow linewidth and high side mode suppression in order to avoid 

having the cross talk due to the effective source width exceeding the operating 

bandwidth of the coupler being fabricated prevent the swings in coupled power 

from reaching the 0 and 100% points at the maximum of the polarization 

envelopes.  
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Figure 2-8:  Light source and associated components 

 

2.5.3 Gas System 

 The source of the heat used to fuse the fibers together during 

fabrication is an oxygen / propane micro-torch.  Since precise control of the 

temperature of the optical fibers during fusion is critical when tapering the 

fibers, the system has been designed to provide the maximum control over the 

flame profile.  High purity research grade oxygen and propane are used to 

provide a clean burning flame capable of reaching temperatures in excess of 

800 oC.  The use of hydrogen in place of propane was investigated, but it 

proved to be more difficult to control fusing conditions because of the higher 

temperatures at the torch tip and the fact that the invisible flame did not allow 

the flame profile to be monitored and shaped.  The torch tip itself is formed 
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into a long narrow slit with dimensions approximately 3 mm x 0.5 mm, with the 

long axis aligned parallel to the optical fibers. This geometry was found to be 

optimum for providing the most uniform (flat) flame profile while minimizing the 

gas nozzle velocity.  The effect of the gas velocity is to produce a pressure on 

the fibers as they are being tapered.  If this pressure is too large, it can cause 

the fibers to bow upwards during fabrication, especially once the fibers have 

been drawn to the small diameters typical of PINC WDM couplers, and this 

may result in high loss in the device due to deformation of the waveguide.  The 

torch tip is mounted to a gas manifold that is long enough to provide for 

uniform mixing of the gases well before combustion occurs.  The body of the 

torch is mounted on an XYZ positioning stage driven by three stepper motors, 

which allows the torch to be moved into position underneath the fibers, raised 

to the appropriate height, and toggled along the length of the fibers.  The gas 

flow rates, and hence the flame profile and temperature, are controlled by two 

mass flow controllers interfaced with a four channel readout / power supply 

(MKS Instruments model 1159B and model 247).  Flow rates for the system as 

currently configured are 11.0 scc/m for oxygen and 5.0 scc/m for propane. 

 

2.5.4 Detection System 

 During the fabrication process, an optical signal of the appropriate 

wavelength is launched into one of the optical fibers being fused, and the two 

output arms are monitored in real time.  These outputs are coupled by 
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mechanical fiber splices to two identical InGaAs photodetectors with 50 μm 

fiber pigtails, which have a 5 volt reverse bias to provide a more linear 

response.  The multimode pigtail is used to minimize variations in the splice 

loss (allowing more accurate insertion loss measurement of the fabricated 

device) when connecting the single mode fiber leads of the fused fiber coupler. 

The signals from the photodetectors are fed into low noise pre-amps (SRS 

model SR570) to provide signal gain and to allow for balancing of the detector 

outputs.  Two key pre-amp features are a variable input offset to allow a 

proper zero for each detection arm to be set, and a variable gain to 

compensate for slightly different detector responsivities.  Balanced detector / 

pre-amp units on the two output channels are required for accurate real-time 

loss and coupling ratio measurements during fiber fabrication.To interface with 

the coupler fabrication software, the signals from the pre-amps are sent to an 

A/D card that is installed in the control computer. Each data point is averaged 

over 100 samples in order to reduce the noise in the monitored signals.  A 

fast, high resolution card with a 100 kS/sec sampling rate and 16 bit ADC 

(National Instruments AT-MIO-16X) was chosen due to the rapid signal 

changes possible when measuring coupling ratio versus coupler elongation for 

narrow channel WDMs.  Another factor in the selection of the designated 

board was the fact that signal acquisition drivers for this board are contained in 

LabVIEW, the programming interface used to write the control software, which 

helped simplify software development. 
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 In addition to the two output signals from the coupler being fabricated, a 

third detector / pre-amp combination is interfaced with the A/D board.  This 

arm monitors the tap signal that is fed directly from the optical source.  This 

signal is used to normalize the coupler outputs and eliminate power 

fluctuations due to changes in the power output of the source, thereby 

allowing a more accurate real-time coupler excess loss measurement.  The 

overall schematic for the detection system is shown in Figure 2-9. 

 

 

 

 

Figure 2-9:  Detection system schematic 
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2.5.5 Software Controls 

 The software for controlling coupler fabrication was written at SPAWAR 

Systems Center, San Diego and designed to be run on PC compatible 

computers running under the Windows operating system.  It was developed 

using LabVIEW (produced by National Instruments), a graphical development  

environment widely used for signal acquisition and laboratory instrument 

control.  The data acquisition and control of the various positioning stages are 

managed by LabVIEW interface drivers provided by the equipment 

manufactures, so programming was primarily reduced to determining the 

desired display characteristics and providing for the proper passing of data to 

and from the hardware drivers.  The functions necessary for fused fiber 

coupler fabrication are all accessed from a single screen, which is reproduced 

in Figure 2-10.  The bulk of the screen is reserved for a real-time display of the 

coupling of the power in the two coupler output arms.  Data acquisition and the 

resulting scrolling display can be started and stopped with the press of a 

toggle switch, and the acquired data can be stored in a text file if desired.  A 

series of toggle switches to control initial setup of the fabrication station allow 

initialization of the positioning stages upon first power up, alignment of the 

torch tip with the optical fibers, raising of the torch to provide access for 

igniting the flame, and resetting the positional stages to their home positions to 

prepare the station for the next coupler after the current one has been 

removed from the system.  There are windows that display real-time data for 
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the coupler being fabricated, including the coupler's excess loss, coupling 

ratio, and total elongation.  Various data entry windows allow the fabrication 

parameters to be set, including the torch toggle distance, initial toggle velocity, 

torch height (initial and final), and initial fast and final slow pulling velocity.  

Separate toggle switches allow independent activation of the torch walkdown 

and initiation of the slow pull rate.  The fabrication process is begun by flipping 

a single toggle switch, and ended by activating a second toggle switch that 

stops the pulling of the fibers and removes the flame.  After the fusing process 

has been stopped there are buttons allowing additional tension to be applied 

to the coupler for fine tuning the coupling ratio by incrementally stepping the 

fiber clamp positional stages.  Additional controls can be added to the software 

as needed with relatively little additional programming required. 

 

Figure 2-10:  Screen-shot of coupler fabrication software interface 
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2.6    PINC WDM Performance Characterization 
 
 There are only a few relevant parameters that are important when 

measuring the performance of fused fiber PINC WDMs.  The most basic 

measurement is to make a determination of the excess loss of the device.  

This is simply the ratio of the total power exiting the coupler out of the two 

output arms compared to the input power. This parameter is measured during 

the coupler fabrication process (by measuring the initial power in one fiber, 

and comparing it to the measured power in both arms as the coupler is pulled), 

and this measurement has proven to be a reliable indication of the true loss of 

the device.  If a separate measurement is necessary after the coupler has 

been removed from the pulling jig, a simple cut-back measurement may be 

made.  Light is input into one of the fibers of the coupler, and light exiting the 

two output arms is measured with an optical power meter and summed.  The 

input fiber arm is then cut back, and the light exiting the remaining stub is 

measured with the power meter to get an accurate indication of the fiber-

coupled power which was input to the coupler.  Typical excess losses for PINC 

WDM couplers are 0.2 dB or lower, with the majority of couplers exhibiting less 

than 0.1 dB loss. 

 A second parameter of interest is the near end directivity.  This is a 

relative measurement of the light that is backwards scattered within the fused 

coupler only to exit out of the fiber on the same side as the input light.  This is 

typically measured with a power meter, using the cut-back technique 
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described above.  Care must be taken to properly terminate the output ports to 

avoid including power that is reflected from the cleaved endfaces of the output 

fibers.  Near end directivity for PINC WDM couplers is typically better than 60 

dB, with the measurement generally limited by the dynamic range of the 

measurement system. 

 For devices acting in a demultiplexing mode, the far end directivity, also 

known as the channel isolation, is typically one of the most important 

characteristics of the WDM device.  This a measure of the amount of power 

which leaks over to the undesired output port, relative to the power exiting the 

desired port.  The measurement must be made for each wavelength with 

which the WDM is designed to operate. With fused fiber PINC WDMs, the 

channel isolation is primarily limited by the polarization envelope, although 

minimum peak isolations of 23 dB for both operating wavelengths are 

generally achievable. Figure 2-11 gives a summary of the foregoing 

measurements as they relate to a 4-port fused fiber device. 

31

2 4

Excess Loss   =  10 log [(P3+P4)/P1]
NE Directivity  =  10 log (P2/P1)
FE Directivity  =  10 log (P4/P3)  , port 3 is the desired port  

 

Figure 2-11:  Coupler power measurements 
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 To quickly and accurately characterize PINC WDMs, generally single 

wavelength measurements are not made on each device.  Instead, broad 

band "white" light is input into one end of the device, and the resultant 

transmission out of each output arm is input into either a scanning 

monochromator or an optical spectrum analyzer (OSA).   The output is 

typically normalized to a fiber coupled measurement of the input source, in 

order to eliminate any artifacts due to a non-flat source spectrum.  Figure 2-12 

shows the experimental configuration for testing PINC WDMs using an OSA, 

which is the preferred method. 

Broadband Source

OSA

Device Under Test

 

 

Figure 2-12:  PINC WDM characterization using OSA 

 

 Coupler characterization with the OSA is particularly useful when 

measuring devices with narrow channel separation and/or high isolation 
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values. For couplers designed to operate in the 1550 nm region, an 

unpolarized superfluorescent source consisting of a length of erbium-doped 

fiber pumped by a high power 980 nm laser diode is used. This combination 

enables measurements with better than 30 dB of dynamic range to be made 

over the interval from 1520 to 1580 nm, and greater than 50 dB dynamic range 

from 1530 to 1570 nm.  To avoid making measurements of narrow channel 

WDMs that are OSA limited, the OSA is run in double monochromator mode, 

with an optical bandpass of 0.2 nm or lower.  This measurement configuration 

allows accurate measurement of the coupler's peak channel wavelengths, 

channel isolation, and channel wavelength spacing to be made.  The 

unpolarized nature of the optical source also allows an accurate determination 

of the location of the peak of the polarization envelope relative to the channel 

wavelengths of the coupler.  When characterizing couplers outside the 1550 

nm region, the source of the broadband light generally is a laser diode run 

below threshold; this results in a much lower output power compared to the 

erbium source, and thus drastically reduced dynamic range. The light also 

generally has a high degree of polarization, making it difficult to accurately 

determine the peak isolation values or the location of the polarization envelope 

peak of the WDM under test. 

 To characterize WDMs for which there is no readily available 

broadband source, or to measure relatively broadband WDMs which operate 

over a region larger than the spectral region covered by a single ASE source, 
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a scanning monochromator is used in conjunction with a tungsten-halogen 

light bulb.  This set-up is depicted in Figure 2-13.  The output from the bulb is 

focused into a 1/2 m scanning monochromator, and the filtered light is then 

coupled into a single-mode fiber pigtail, which is then mechanically spliced to 

the WDM under test.  The output leads of the WDM are connected via 

mechanical splices to a pair of fiber (50 μm multimode) pigtailed InGaAs 

detectors, which feed low noise pre-amplifiers and digital voltmeters.  A 

computer is synchronized with the scanning speed of the monochromator, and 

is used to take data representing the throughput of each coupler output arm as 

a function of input wavelength.  The power from each arm is normalized to the 

sum of the power from both arms in order to correct for the spectral shape of 

the tungsten source. 

 This configuration is capable of measuring devices over a broad range of 

wavelengths (approximately 900 nm to 1700 nm, limited by the spectral 

response of the detectors), but has a relatively low dynamic range due to the 

small amount of power that can be coupled from the source/monochromator 

combination into the single mode optical fiber.  The low power throughput also 

limits the working optical bandpass to 0.5 nm or larger.  Thus, this set-up is 

useful for measuring channel peak locations for various WDMs, but not peak 

isolation values. 
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Figure 2-13:  Scanning monochromator for WDM characterization 

 

2.7    Packaging 

 One of the primary concerns with regards to packaging of PINC WDM 

couplers is environmental stability. The wavelength properties of the device 

can vary significantly if the tension applied to the fused coupling region is 

allowed to vary or the fibers are allowed to bend or twist 27, 28. Additionally, the 

tapered fused fiber structure is relatively delicate, since the center coupling 

region will typically have dimensions on the order of 10 microns or less.  To 
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alleviate these two concerns, a dual stage packaging method is used.  First, 

the fused coupler is attached to a supporting substrate.  The substrates 

currently used for this purpose are fused silica glass rods, 2 mm in diameter, 

with a square slot 0.85 mm on a side cut into the rod along its entire length.  

Fused silica is used to match the thermal expansion coefficient of the optical 

fibers.  A relatively thick rod gives added rigidity and strength to the substrate, 

and the cut surface of the slot provides a rough surface allowing for better 

adhesion of the mounting epoxy.  Previously, fused silica capillary tubes, cut in 

half to form a half cylinder, were used for this purpose, but it was observed 

that the polished inner surface resulted in the mounting epoxy delaminating 

from the substrate when the packaged couplers were tested at temperatures 

below -30oC. There was also concern that the lack of a flat mounting surface 

could cause twisting of the fibers is the epoxy expanded or contracted 

significantly during thermal cycling. 

 When mounting the coupler to the substrate, the fused fibers remain 

clamped in the fiber pulling jig.  The substrate is brought underneath the fibers, 

and positioned so the fused coupler is located entirely within the slotted 

region, slightly above the surface of the substrate.  A substrate is chosen to be 

long enough to extend beyond the stripped region of the glass.    A small drop 

UV cured epoxy (Norland 81) is then applied to both sides of the coupler, at 

the point where the plastic buffer has been stripped of the glass fibers.  Care is 

taken to ensure the epoxy covers both plastic buffer and bare glass regions of 
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the fibers, to allow for the added protection and pull strength that bonding with 

the buffer allows, while also providing the added stability of a glass to glass 

bond between the fibers and substrate.  A high intensity UV lamp is then 

applied to each drop for approximately 15 seconds to complete the bonding 

process.  It should be noted that UV epoxies, while quick and simple to cure, 

are known to have some significant lifetime stability issues (primarily their 

tendency to absorb moisture), and so a better long term packaging solution 

involving heat cured epoxy is currently being pursued. 

 Once the coupler has been bonded to the supporting substrate, the 

substrate is then placed inside a stainless steel tube ( 1/8 inch outer diameter 

with a wall thickness of 20 mil ) and sealed with a flowable RTV sealant (Dow 

Corning 734).  This RTV plug serves the purpose of isolating the coupling 

region from the external environment, while also providing strain relief for the 

fibers as they exit the protective tube.  Figure 2-14 illustrates the overall 

packaging procedure. 

 The current UV cured package does undergo a small drift (typically a 

couple of tenths of a nanometer to higher wavelengths) during the first 24 

hours after packaging. In addition, a small amount of shift is observed upon 

initial thermal cycling of the coupler.  Typically no packing induced shift is 

observed during low temperature cycles (down to -55oC). However, in high 

temperature cycling, there is an observed hysteresis in the temperature 

related coupling change which results in a short term shift to lower 
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wavelengths (once again typically a few tenths of a nanometer).  This 

packaging/thermal shift generally is seen to vanish after the coupler is 

returned to room temperature for a period of 24 hours or longer. 

 

 

Figure 2-14:  PINC WDM packaging procedure 
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2.8    Two Channel PINCs 

 A fused fiber WDM is inherently a two input / two output port device, 

and most readily lends itself to the multiplexing or demultiplexing of 2 optical 

wavelengths.  The previous sections have described a process by which the 

channel spacing of the device can be made small enough such it is designed 

to operate with both wavelengths within a single wavelength band.   This 

requires channel separations of 50 nm or less, which PINC WDMs are quite 

capable of achieving.  The upper limit of PINC WDM channel spacings is 

determined by the channel separation attained when stopping the elongation 

at the first polarization envelope maximum.  For typical fabrication conditions, 

this will result in channel spacings on the order of 20-25 nm.  However, it will 

be shown in Section 2-9 that the channel spacing at any given polarization 

envelope peak can be tuned by changing the heating conditions.  Maximizing 

the first envelope channel spacing involved reducing the torch toggle length 

and lowering the flame away from the fibers.  This also has the effect of 

increasing the angle of the taper of the fibers, which, if made too large, will 

result in a lossy device. A practical maximum for fabricating PINC WDMs 

devices is found to be approximately 35 nm for most fiber types.  Devices can 

occasionally be made which exhibit larger channel spacings, but not in a 

repeatable fashion.  The minimum channel spacing is theoretically limited only 

by the pulling range of the drawing stages.  Devices have been demonstrated 

with channel spacings less than a nanometer 29.  However the practical limit is 
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determined by the speed of the coupling process as fibers are pulled to longer 

lengths.  It becomes increasingly difficult to retain control over the coupling 

process to enable the drawing process to be stopped within the peak of the 

polarization envelope.  Currently the fabrication equipment enables PINC 

WDM couplers to be reliably produced with channel spacing slightly less than 

5 nm at 1550 nm.  Smaller channel spacings can be achieved, but with an 

increasingly lower yield.  Smaller channel spacings are slightly easier to 

produce when operating within lower wavelength bands since these 

wavelengths will have been pulled through fewer polarization envelope 

periods for a given channel spacing. 

 For PINC WDMs operating as multiplexers, the primary parameter of 

interest is the insertion loss of the device.  Low loss devices can be produced 

independent of the elongation, and therefore channel spacing, of the coupler.  

As mentioned previously, typical excess losses for PINC WDMs are less than 

0.2 dB.  When operating as demultiplexers, the primary parameter of interest 

is the channel isolation of the device, which can be characterized by both the 

peak isolation and the bandwidth over which the device can maintain a 

specified isolation.  Figure 2-15 shows the wavelength response for two 

representative PINC WDMs, one with a channel spacing of 26 nm and the 

second with a channel spacing of 6 nm.  The linear and logarithmic response 

curves for each are shown to highlight both the sinusoidal wavelength 

dependence of the coupling, apparent in the linear trace, and the high isolation 
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achievable, which more easily seen from the log trace. Note that any ripple 

seen in the linear traces is an artifact of the conversion of the OSA data from 

linear to log format and incomplete source normalization, and not a property of 

these particular WDMs. 

a ) 1st envelope (26 nm)        b) 8th envelope (6 nm) 

Figure 2-15:  Spectral transfer curves for representative PINC WDMs 

 

 As can be seen from this figure, peak channel isolations approaching 

25 dB for both channels can be achieved with both relatively wide and 
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moderately narrow PINC WDM devices.  There is a difference in the high 

isolation bandpass for the two devices, however, primarily determined by the 

differences in their channel spacing due to the sinusoidal nature of the 

coupling process. It is easy to demonstrate this using the 20 dB point as a 

standard reference isolation.   Equation 2-1 shows the standard coupling for 

fused fiber couplers as having a sin2 dependence with length, and we have 

seen that this linear sinusoidal dependence holds true for the wavelength 

dependence as well.  If δλ is the region over which a 20 dB cross-talk level is 

maintained, Equation 2-13 shows that this is related to the channel spacing    

ΔλWDM by 
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and thus 
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a

WDM πλ
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          (2-14) 

which indicates that the region over which 20 dB isolation can be achieved in 

any given channel (independent of polarization effects) is limited to about 13% 

of the WDM channel spacing. 

 The effect of the polarization envelope on channel isolation is clearly 

seen in Figure 2-15 b) for the 6 nm device, and in Figure 2-16 for a separate 

24 nm device.  It is apparent that there are a limited number of wavelengths at 
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which coupling approaching 0 or 100% can be achieved, and thus where the 

device will operate acceptably as a wavelength demultiplexer. 

 

Figure 2-16:  Envelope function for 24 nm PINC WDM 

 

 The origin of this envelope has been shown to be the difference in the 

coupling coefficients for light with its polarization aligned either parallel or 

perpendicular to the axis passing through the two fused fibers.  This is 

explicitly demonstrated in Figure 2-17, in which the input arm of the coupler 

used in the measurement depicted in Figure 2-16 was cut back to a short 

length, and the input light was polarized to be aligned first along the axis 

perpendicular to the fiber plane, and then parallel.  It is seen that for light 

polarized along either one of the axes of the fused fibers, 0 and 100% 

coupling is observed for all the peak wavelengths over the entire range of the 
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measurement; however in general these peak wavelengths do not coincide for 

the two polarizations.  This means that in general at a wavelength where one 

polarization has essentially 0 or 100 % coupling, the other polarization will not, 

and thus the coupler will exhibit significant crosstalk if both polarizations are 

present.  Only in a very limited wavelength range do the curves for the two 

polarizations overlap (approximately 1540 nm for the WDM in Figure 2-17), 

and only here will the WDM be able to operate with low crosstalk if both 

polarizations are present. 

 

Figure 2-17: Explicit polarization dependence of transfer function 
__  Perpendicular to fiber plane     ---- Parallel to fiber plane 

 
  

Figure 2-17 also clearly demonstrates that the channel spacings, and 

thus the coupling coefficients, of the two polarizations actually have different 
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values, and thus the presence of the polarization envelope is not due to a 

simple phase differential in the coupling of the two polarizations. 

 Figure 2-18 shows a wide wavelength range plot of the coupling 

properties of one arm of a narrow channel WDM with a channel spacing of 

approximately 5 nm in which multiple polarization envelope peaks are visible.  

The channel spacing is essentially constant over entire measurement range, 

verifying the linear dependence with wavelength of the primary coupling.  

However, the spacing of the polarization envelope is observed to vary over the 

space of just a few cycles, implying a nonlinear wavelength dependency, 

supporting the theoretical observation of a λ2  functional form. 

 

Figure 2-18:  Envelope function in narrow channel WDM 
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 In order to more completely describe the behavior of PINC WDMs as 

they are pulled, a series of couplers was produced by stopping the coupler 

elongation at various polarization envelope peaks, and their basic properties 

were measured.  For this study, Corning dispersion shifted fiber was used, and 

the fusing conditions were set such that the torch toggle length was +/- 3 mm, 

torch height was 1.3/2.3 mm, and the fiber was pulled at a constant velocity of 

0.04 mm/s per stage. Data points were taken out to the 10th polarization 

envelope.  The results are shown in Figures 2-19  to 2-21.   Figure 2-19 

indicates that there is an essentially linear relationship between the number of 

full coupling cycles and the number of polarization envelope peaks exhibited 

by a PINC WDM as it is drawn.  The slope of this line will vary slightly with 

different fiber types, and is highly dependent on the fabrication conditions. 

 
Figure 2-19:  Coupling cycles attained at various polarization 
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 Figure 2-20 indicates how the required pull lengths vary for a WDM 

which is stopped at a given polarization envelope peak.  This plot is nonlinear 

and rolls off rather quickly as higher order polarization envelope peaks are 

attained.  This indicates that for higher order polarization peaks, relatively 

small changes in length can result in a large number of envelope peaks (and 

thus coupling power transfers) observed in the coupling.  This is a result of the 

fact that not only is the coupling length increasing as the device is pulled, but 

the coupling coefficient is increasing as well since cross-sectional diameter of 

the fused region in shrinking. This manifests itself an ever-increasing rate of 

coupling, and eventually results in the coupling occurring too fast to reliably 

stop the process at the peak of the polarization envelope as needed. 
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Figure 2-20: Measured pull lengths for various polarization  
envelope peaks 
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Figure 2-21:  a) Channel spacing    b) Inverse channel spacing 

as a function of polarization envelope 
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 Figure 2-21 indicates the functional dependence of the channel spacing 

as a function of the number of polarization envelopes the coupler has been 

drawn through.  Figure 2-21 b) explicitly shows that (to first order) the number 

of the polarization envelope peak is linearly related to the inverse of the 

coupler channel spacing.  This is actually a result of the linear relationship 

between the envelope peaks and the number of coupled power cycles 

observed in Figure 2-19.  When using the rectangular coupler approximation, 

and assuming that the coupler is simultaneously stopped at a maximum in the 

polarization envelope and an extremum in the coupled power, it is relatively 

straightforward to show that there exists a relationship between the number of 

coupled power cycles N and the channel spacing Δλ given by 

2  N   Δλ =    λ input      

  ~    Constant                              (2-13) 

In actual couplers, the top relationship does not strictly hold, due to the 

limitations of the simple rectangular approximation.  However, it is observed 

that the bottom relationship is true, with the constant (generally less than the 

input wavelength λinput) varying with the fiber type and fabrication parameters.   

This, coupled with the roughly linear relationship between the number of 

coupling cycles N and polarization peaks observed in Figure 2-19, leads to the 

linear relationship between the polarization peak value and the inverse of the 

channel spacing. 
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2.9    Channel Spacing Tunability of PINCs 

 As was mentioned briefly earlier in this chapter, the method used for 

fabricating PINC WDMs allows for a high degree of flexibility in choosing the 

various fabrication parameters.  For a given set of parameters, there are only 

discrete points in the coupling fabrication process that allow for polarization 

independent operation of the resultant devices.  These occur when a 

maximum in the polarization envelope is observed to occur.  As there are only 

a small number of coupling cycle maximums or minimums (and their resulting 

channel spacings) which occur at each envelope peak, it is not possible to 

create arbitrary channel spacings in a polarization independent device for a 

given set of fabrication conditions.  However, it is possible to shift the location 

of the polarization peak envelope with respect to the number of coupling 

cycles that have occurred.  This is done by changing the fusion conditions of 

the coupler as it is being manufactured, and thus changing the overall 

diameter of the finished coupler 30.  It will be shown in Chapter 4 that, under 

the strongly fused coupler assumptions described earlier in this chapter, the 

primary coupling as a function of wavelength (determining the number of 

coupling cycles observed) varies as the inverse of the square of the cross-

sectional dimension 'a' defined in Figure 2-1, while the wavelength 

dependence of the envelope peaks varies as the inverse of 'a' cubed.  This 

implies that when stopping a coupler at a given polarization envelope peak, if 

the cross-sectional dimension of the coupler is changed, the coupler will have 
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undergone a different number of coupling cycles, and thus will have a different 

channel spacing.  This property can be used to shift the polarization envelope 

significantly.  In practice, it is observed that enough of a shift can be produced 

to allow for a continuous coverage of the range of possible channel spacings 

from approximately 35 nm on down. 

 In the coupler fusing apparatus described above, there are 3 primary 

methods for altering the fusing conditions, and thus changing the final cross-

sectional geometry of the device to allow for fine tuning of the polarization 

envelope: changing the gas flow parameters, altering the flame toggle length, 

or adjusting the flame height relative to the optical fibers.  The first of these 

methods is not currently used due to the sensitivity of the flame heat and 

shape to the gas flows.  Flame conditions can not be repeatedly recreated to 

the precision necessary to consider this a reliable method for fine tuning PINC 

WDM channel spacings.  The most reliable method for shifting the location of 

the polarization envelope has proven to be changing the distance that the 

torch is toggled underneath the fibers.   The toggle distance can be varied 

from approximately +/- 1.5 mm up to +/- 6mm or greater.  The lower bound is 

primarily limited by the taper angle that can be achieved while still allowing for 

a low loss coupler.  The upper bound is limited in practice by the allowable 

package length of the device, in conjunction with the hardware limits of the 

pulling stages (larger toggle lengths require greater elongations to achieve a 

given degree of coupling).  Table 2-1 provides an example of the degree to 
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which the channel spacing of a first polarization envelope PINC WDM can be 

fine tuned by altering the flame toggle length during fusing.  The fiber is 

Corning SMF28, with a constant pull rate of 0.04 mm/s per stage and a torch 

height of 1.5/2.5 mm. 

 

Table 2-1:  1st envelope shift with torch toggle length 
 

 2 mm 3 mm 4 mm 5 mm 6 mm 

N 19 20 23 26 28 

Δλ (nm) 35.5 32.4 28.2 21.9 19.8 

 

 Figure 2-22 shows the coupled power vs elongation curves of three of 

the couplers listed in the table above.  From these graphs it is apparent that 

the polarization envelope is shifted out to occur after an increased number of 

coupling cycles as the torch toggle distance is increased, as one would expect 

given the functional dependence on the diameter of the fused coupler. 

 A second method of significantly altering fusion characteristics during 

coupler manufacture is to vary the flame / fiber separation distance.  This will 

primarily alter the degree of fusion for the optical fibers, but will also have the 

effect of changing the effective toggle distance.  Table 2-2 provides an 

example of the effects that may be observed using this method of fine tuning.  

For this study, once again SMF28 optical fiber was used, with a toggle 

distance of +/- 3 mm and a constant pull rate of 0.04 mm/s per stage.  
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Figure 2-22:  1st envelope shift with torch toggle length 
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 The torch heights listed in Table 2-2 are the initial values, which are 

automatically increased by 1 mm once coupling begins.  It is seen that the 

results are not monotonic, and can be highly unpredictable if the torch height 

is allowed to vary outside of an established zone.  The initial results, that of an 

increased channel spacing with a larger torch separation, are indicative of a 

decrease in the effective toggle length, and are consistent with the results 

obtained above.  However, if the flame is pulled too far away from the fibers, 

there is no longer enough heat to fully fuse the fibers, and the highly fused 

assumption is no longer valid causing the model to break down.  In addition, 

for extreme flame / fiber separations the temperature gradient becomes 

extremely large, resulting in significant run to run variations in observed 

channel spacing.  For these reasons the flame height adjustment is typically 

not used to independently fine tune the coupler channel spacing of a PINC 

WDM.  The optimum method, in fact, has proven to use a combination of 

changing both torch toggle distance and flame height.   

 

Table 2-2:  1st envelope shift with torch height 
 

 
1 mm 1.25 

mm 1.5 mm 1.6 mm 1.75 mm 1.88 
mm 2.0 mm 

N 40.5 29.5 19 22 26.5 31 9 

Δλ 
(nm) 18.9 24.8 36.6 29.3 17.5 15 49.4 
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 The toggle distance is used as the primary fine tuning mechanism, 

while a flame height adjustment is made to maintain the same degree of fusion 

in the coupler.  This is most critical when it proves necessary to go to 

extremely short toggle distances. 

 

 

2.10    Summary 

 This chapter has highlighted a simple theoretical description of highly 

overcoupled fused fiber WDMs using a well-fused model for their cross-

section, and shown how it can be used to predict some of their fundamental 

properties.  Key among these is the dependence of these narrow channel 

devices on the polarization of the input light.  A method has been described to 

fabricate narrow channel devices which will operate independent of the light 

polarization, along with a description of the equipment and detailed 

procedures which will allow these devices to be reliably fabricated and 

packaged in a small, lightweight, and environmentally stable manner.  It has 

been shown that these devices typically exhibit a low loss (<0.2 dB) and high 

extinction ratio (> 23 dB peak), which make them highly useful components in 

optical fiber communications links.  Methods for adjusting the channel spacing 

at which polarization independence is achieved have been demonstrated, 

allowing devices to be produced for wavelengths over a wide range of channel 

spacings suitable for medium density WDM systems.



 92

References 

1   C.M. Lawson, P.M. Kopera, T.Y. Hsu, V.J. Tekippe, “In-Line Single-Mode 
Wavelength Division Multiplexer/Demultiplexer,” Electronics Letters, Vol. 20, 
No. 23, 8 November 1984, pp. 963-964. 
 
2   B G. Georgiou, A.C. Boucouvalas, “High-Isolation Single-Mode 
Wavelength-Division Multiplexer/Demultiplexer,” Electronics Letters, Vol. 22, 
No. 2, 16 January 1986, pp. 62-63. 
 
3   F. Gonthier, D. Ricard, S. Lacroix, J. Bures, “2x2 Multiplexing Couplers for 
All-Fibre 1.55 um Amplifiers and Lasers,” Electronics Letters, Vol. 27, No. 1, 3 
January 1991, pp. 42-43. 
 
4   P.A. Nagy, T.J. Meyer, V.J. Tekippe, “Wavelength Division Multiplexers for 
Optical Fiber Amplifiers,” Proceedings of SPIE, Vol. 1365, 1991, pp. 33-37. 
 
5   J.D. Minelly, M. Suyama, “Wavelength Combining Fused-Taper Couplers 
with Low Sensistivity to Polarization for Use with 1480 nm - Pumped Erbium-
Doped Fibre Amplifiers,” Electronics Letters, Vol. 26, No. 8, 12 April 1990, pp. 
523-524. 
 
6   Y. Huang, Q. Zeng, “Optimum Design of 1480/1550 nm Wavelength 
Division Multiplexers for Use in Erbium-Doped Fiber Amplifiers,” Chinese 
Journal of Lasers, Vol. A22, No. 8, 20 August 1995, pp. 627-631. 
 
7   J.D. Love, M. Hall, “Polarization Modulation in Long Couplers,” Electronics 
Letters, Vol. 21, No. 12, 6 June 1985, pp. 519-521. 
 
8   J. Bures, S. Lacroix, C. Veilleux, J. Lapierre, “Some Particular Properties of 
Monomode Fused Fiber Couplers,” Applied Optics, Vol. 23, No. 7, 1 April 
1984, pp. 968-969. 
 
9   T. Bricheno, V. Baker, “All-Fibre Polarization Splitter/Combiner,” Electronics 
Letters, Vol. 21, No. 5, 14 March 1985, pp. 251-252. 
 
10   K. Morishita, K. Takashina, “Polarization Properties of Fused Fiber 
Couplers and Polarizing Beamsplitters,” Journal of Lightwave Technology, Vol. 
9, No. 11, November 1991, pp. 1503-1506. 
  
11   J. Bures, S. Lacroix, J. Lapierre, “Analyse d’un Coupleur Bidirectionel a 
Fibres Optiques Monomodes Fusionnees,” Applied Optics, Vol. 22, No. 12, 15 
June 1983, pp. 1918-1922. 
 



 93

12   T. Bricheno, A. Fielding, “Stable Low-Loss Single-Mode Couplers,” 
Electronic Letters, Vol. 20, No. 6, 15 March 1984, pp. 230-232. 
 
13   F.P. Payne, C.D. Hussey, M.S. Yataki, “Modelling Fused Single-Mode-
Fibre Couplers,” Electronics Letters, Vol. 21, No. 11, 23 May 1985, pp. 461-
462. 
 
14   R.O. Hendrick Jr., M. Shadaram, L. Maleki, “The Change of Polarization in 
Single-Mode Fibers Due to External Perturbations,” Proceedings of the 35th 
Midwest Symposium on Circuits and Systems, IEEE, Vol. 2, 1992, pp. 792-
794. 
 
15   F.P. Payne, C.D. Hussey, M.S. Yataki, “Polarisation Analysis of Strongly 
Fused and Weakly Fused Tapered Couplers,” Electronics Letters, Vol. 21, No. 
13, June 1985, pp. 561-563. 
 
16   M. Eisenmann, E. Weidel, “Single-Mode Biconical Couplers for 
Wavelength Division Multiplexing with Channel Spacing Between 100 and 300 
nm,” Journal of Lightwave Technology, Vol. 6, No. 1, January 1988, pp. 113-
199. 
 
17   Y. Takeuchi, “Characteristics Analysis of Wavelength-Division-
Multiplexing Fiber Couplers Fabricated with a Microheater,” Applied Optics, 
Vol. 35, No. 9, 20 March 1996, pp. 1478-1484. 
 
18   For example, SMF-28 single mode fiber and SMF-DS dispersion shifted 
fiber, made by Corning, Inc. 
 
19   M. Abebe, C. A. Villarruel, W. K. Burns, “Reproducible Method for 
Polarization Preserving Single-Mode Fiber Couplers,” Journal of Lightwave 
Technology, Vol. 6, No. 7, July 1988, pp. 1191-1198. 
 
20   J.D. Love, W.M. Henry, W.J. Stewart, R.J. Black, S. Lacroix, F. Gonthier, 
“Tapered Single-Mode Fibres and Devices, Part 1: Adiabaticity Criteria,” IEE 
Proceedings - J, Vol. 138, No. 5, October 1991, pp. 343-354. 
 
21   F. Bilodeau, K.O. Hill, S. Faucher, D.C. Johnson, “Low-Loss Highly 
Overcoupled Fused Couplers: Fabrication and Sensitivity to External 
Pressure,” Journal of Lightwave Technology, Vol. 6, No. 10, October 1988, 
pp.1476-1482. 
 
22   K.P. Oakley, N.M. O’Sullivan, R.P. Kenny, C.D. Hussey, “Loss and 
Spectral Control in Fused Tapered Couplers,” Optical Engineering, Vol. 33, 
No. 12, December 1994, pp. 4006-4019. 



 94

23   D.C. Johnson, K.O. Hill, “Control of Wavelength Selectivity of Power 
Transfer in Fused Biconical Monomode Directional Couplers,” Applied Optics, 
Vol. 25, No. 21, November 1986, pp. 3800-3809.  
 
24   W.J. Stewart, J.D. Love, “Design Limitation on Tapers and Couplers in 
Single Mode Fibers,” Proceedings of the European Conference on Optical 
Communication, Vol. 1, 1985, pp. 559-562. 
 
25   R.J. Black, S. Lacroix, F. Gonthier, J.D. Love, “Tapered Single-Mode 
Fibres and Devices, Part 2: Experimental and Theoretical Quantification,” IEE 
Proceedings - J, Vol. 138, No. 5, October 1991, pp. 355-364. 
 
26   M.N. McLandrich, “Core Dopant Profiles in Weakly Fused Single-Mode 
Fibres,” Electronics Letters, Vol. 24, No. 1, 7 January 1988, pp. 8-10. 
 
27   B.S. Kawasaki, M. Kawachi, K.O. Hill, D.C. Johnson, “A Single-Mode-
Fiber Coupler with a Variable Coupling Ratio,” Journal of Lightwave 
Technology, Vol. 1, No. 1, March 1983, pp. 176-178. 
 
28   T.A. Birks, “Practical Tuning Mechanism for Fused-Tapered Couplers,” 
Optics Letters, Vol. 13, No. 12, December 1988, pp. 1126-1128. 
 
29   A.G. Bulushev, Y.V. Gurov, E.M. Dianov, O.G. Okhotnikov, A.M. 
Prokhorov, B.P. Shurukhin, “Wavelength- and Polarization-Selective Fused 
Single-Mode Couplers,” Optics Letters, Vol. 13, No. 3, March 1988, pp. 230-
232. 
 
30   N.M. Sulivan, T.A. Birks, C.D. Hussey, “Control of Polarization 
Degradation in Fiber Amplifier WDMs,” Electronics Letters, Vol. 28, No. 17, 13 
August 1992, pp. 1616-1618. 



 

95 

Chapter 3 

Cascaded PINC WDMs 

 

In Chapter 2 we discussed the fabrication and optical properties of 

WDMs comprised of a single fused fiber device.  There are times, however, 

when it is beneficial to combine several of these devices to form a WDM that 

has additional functionality.  One of the most limiting properties of fused fiber 

couplers when considering them for use in systems employing WDM is the 

fact that they are inherently two output port devices, and thus a single device 

is not suitable for combining or separating more than  two wavelength 

channels 1.  In addition, the typical isolation or stopband width that can be 

achieved with a single device may not be acceptable for some demanding 

applications 2.  One approach towards overcoming these two limitations is to 

cascade multiple fused fiber PINC WDMs together 3,4.  This can be a viable 

approach, even for moderately large numbers of couplers placed in series, 

due to the extremely low excess loss of a typical fused fiber coupler and the 

capability of making extremely low loss fusion splices between devices.  The 

following sections will describe the construction and performance of a 

representative sample of devices that may be produced using this cascaded 

coupler approach. 
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3.1   Enhanced Isolation (Two Channels) 

  Due to the nature of the coupling mechanism in fused fiber WDMs, and 

the narrow channel separations under consideration, the typical wavelength 

band over which acceptable channel isolation can be achieved can be rather 

small.  As indicated in Chapter 2, the wavelength region over which one can 

expect 20 dB or greater isolation for a sinusoidal response curve is limited to 

approximately 13 % of the channel spacing. In addition, even if one is able to 

tune the optical source to the peak isolation wavelengths, the presence of the 

polarization envelope in narrow channel fused fiber WDMs limits the peak 

isolation that can be obtained for randomly polarized input light.  The standard 

peak isolation values, typically in the range of 22 - 30 dB, may not be 

acceptable for some applications, including many analog transmission 

systems, which often require an electrical isolation of 70 dB (35 dB optical) or 

higher 5. One method that has been used to increase the stopband rejection in 

guided wave WDM devices is to concatenate two or more similar devices 

together 6,7. A similar technique may be used with PINC WDMs, and one has 

the freedom to emphasize maximizing either the peak isolation or the rejection 

bandwidth 8. Since the power throughput of serially cascaded WDMs is 

multiplicative, when measured in dB the isolation of a cascaded WDM at a 

given wavelength will simply be the sum of the isolations of the constituent 

WDMs at that wavelength. 

  To address the problems noted above, PINC WDMs have been 
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cascaded in tree structures, as indicated in Figure 3-1. Note that here ports 1 

and 3 are unused, and would typically be terminated to prevent unwanted 

reflections of the filtered light back into the optical system. To demonstrate 

high peak isolation, the three couplers were designed to have identical chan-

nel wavelengths, and a channel spacing of 13 nm. To demonstrate a wide 

stopband with good isolation, however, the second stage couplers were 

designed to have a channel separation slightly wider than the first stage 

coupler, 17 nm as opposed to the 13 nm of the first stage. One channel 

wavelength (the desired signal) was made identical to that of the first stage, 

while the second channel wavelength (the rejected signal) was offset by 4nm. 

This configuration greatly increases the rejection bandwidth while still allowing 

for low loss in the passband channel (maximizing the throughput power means 

minimizing the isolation at that wavelength, and this can only be done if the 

passband wavelengths of the two couplers are aligned).  
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Figure 3-1:  Fused fiber couplers cascaded for enhanced isolation 
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  The PINC WDM couplers used were fabricated from Corning dispersion 

shifted fiber for both cascaded device configurations. In Cascade 1, all three 

PINC WDM couplers were manufactured with channel wavelengths of 1538 

nm and 1551 nm. In Cascade 2, the first stage coupler was similar to those of 

Cascade 1, while the two second stage couplers had channel spacings of 17 

nm. The relevant parameters for the couplers making up these two sets of 

cascaded couplers are listed in Table 3-1. The couplers for both configurations 

were fusion spliced together, with all splices having a measured loss of <0.05 

dB. The performance of the cascaded devices was measured using the 

standard broadband light / OSA combination described previously. 

 

Table 3-1:  Location and magnitude of isolation peaks for 
 component PINC WDMs 

 

           Peak Isolation at given wavelength (dB)      Coupler   1534 nm   1538 nm   1551 nm   1555 nm 
            1A        ---        25        30        --- 
            1B        ---        22        ---        --- 
            1C        ---        ---        32        --- 
  
            2A        ---        24        31        --- 
            2B        27        ---        ---        --- 
            2C        ---        ---        ---        25 

 
 
 
 The resultant power transfer curves for the two devices are shown in 

Figures 3-2 and 3-3. In Figure 3-2, the measured peak isolations of ~ 48 dB at 

1538 nm and ~ 57 dB at 1551 nm agree well with the values expected from 
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summing the peak isolations listed for each stage in Table 3-1. The 

measurement at 1551 nm is less than the predicted value of 62 dB due to the 

noise floor limitations of the measurement apparatus. The two channels show 

a > 1.3 nm stopband (approximately 10% of the channel spacing) for a 

channel isolation of 40 dB. Of particular interest is the performance of port 4 

demonstrated in Figure 3-2 at a third wavelength of 1564 nm (not one of the 

design wavelengths for the couplers and so not included in Table 3-1). The 

sinusoidal nature of the coupling in a fused fiber WDM allows for multiple 

wavelengths, spaced at a distance of two times the channel width, to be used 

at a given output port. However, limitations due to polarization effects will 

degrade the isolation that can be achieved when using randomly polarized 

inputs at wavelengths far away from the designed values. This figure 

demonstrates that excellent performance is achieved when using PINC WDMs 

for three separate wavelengths in the 1550 nm band. This suggests that good 

isolation performance for devices configured to multiplex four wavelengths 

within a single fiber window should also achievable by adding a second 

isolation stage for each coupler.  
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Figure 3-2:  Enhanced isolation with similar fused fiber WDMs 
 
 

   
 

Figure 3-3: Enhanced isolation with dissimilar fused fiber WDMs 
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 Figure 3-3 illustrates that, for Cascade 2, better than 25 dB of isolation 

was achieved over a band-pass of 6 nm. This represents a rejection band of 

about 46% of the nominal 13 nm channel spacing. The total insertion loss for 

both cascaded devices was measured to be < 0.4 dB at the designated 

channel wavelengths. Allowing for 0.2 dB insertion loss for each coupler stage, 

and a 0.1 dB fusion splice loss, an insertion loss of <0.5 dB for such devices 

should be consistently achievable 

 

3.2  Four Channel WDMs 

The sinusoidal nature of coupling versus input wavelength in 

interferometric based devices  such as fused fiber couplers allows them to be 

combined in such a manner as to separate more than two wavelengths of 

light.  Each arm such devices will pass (or block) not only the wavelength at 

which it was manufactured, but also all wavelengths which differ by an even 

multiple of the device channel spacing (known as optical interleaving) 9,10.  

This property can be used to multiplex four wavelengths of light that are 

equally spaced apart using a total of three PINC WDM couplers. To utilize this 

technique, it is necessary to be able to match channel wavelength for couplers 

with different channel spacings in a precise manner. The fabrication station 

previously described allows couplers to be fabricated to match predetermined 

channel wavelengths within a tolerance of ± 0.2 nm, well within the required 

precision. Both standard mux/demux devices and add/drop filters may be 
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produced in this manner by cascading together fused fiber couplers having 

channel spacings which differ by a factor of two 11. The construction and 

operation of these 4 channel WDMs are described in the following sections. 

 

3.2.1 Four Channel Mux/Demux WDMs 

A four channel mux/demux device is formed by splicing one narrow 

channel (spacing = Δλ) coupler with two wider channel (spacing = 2Δλ) 

couplers with offset wavelengths in a tree structure, as shown in Figure 3-4 

below. 

 

Figure 3-4:  4 channel mux/demux configuration and associated        
coupler wavelength response curves 
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The sinusoidal wavelength response (ignoring polarization effects) of each 

component coupler has been included to highlight the fact that although two of 

the couplers in the combined device have similar channel spacings, they are 

not identical couplers since their operating wavelengths will differ by an 

amount equal to Δλ.  It should be noted that although the figure depicts the 

operation of the device as a multiplexer, the cascaded device is completely 

bidirectional, and the same device may be used in a demultiplexing mode as 

well. To demonstrate a four channel mux/demux device, couplers with 

matching wavelengths were produced using Corning SMF-28 fiber and spliced 

together to produce a WDM with a 4.7 nm channel spacing in the 1300 nm 

wavelength band.  The isolation spectra (for unpolarized input light) are shown 

in Figure 3-5. 
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Figure 3-5:  Measured response of 4 channel demux 
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As shown in Figure 3-5, better than 20 dB isolation has been achieved at all 4 

operating wavelengths.  For operation as a multiplexer, the relevant 

specification is the insertion loss at the operating wavelengths.  The insertion 

loss for this device was measured to be less than 0.5 dB at all channel 

wavelengths.  

 To realize a minimum of 20dB of isolation from a cascaded device, the 

coupler with channel spacing Δλ needs to maintain a minimum of 17dB 

isolation over all four wavelength channels (an added 3 dB will result from the 

second stage WDM operating at the 3 dB point of the wavelengths rejected by 

the first stage). For this to occur, it is relatively straightforward to show that the 

envelope period ΔλENV needs to be approximately 17 times larger than the 

channel separation. If the polarization envelope peak is centered with respect 

to the four channel wavelengths, then the maximum distance away from the 

envelope peak for any wavelength will be equal to 1.5 Δλ.  The form of the 

coupled power equation given by Equation 2-10 leads to a λ2 dependence for 

the polarization envelope, as was mentioned in Chapter 2 and will be more 

fully explained in Chapter 4.  However, within a single envelope period, if the 

change in wavelength is small compared to the absolute value of the 

wavelength, this can be approximated by a linear dependence on wavelength. 

Thus, for 17 dB isolation, the coupled power equation can be written 
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which results in 
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In practice, since the channel peaks will not be symmetrically located within 

the polarization envelope, and to allow for some peak channel variation 

between the individual couplers, a slightly larger ratio is necessary. For 5 nm 

channel spacing devices at 1550 nm, our couplers exhibit a ratio of ~ 19, 

which is adequate to give good performance and still allow for reasonable 

fabrication tolerances. It will be shown in Chapter 4 (Equation 4-4) that the 

ratio between the polarization envelope period and the channel spacing is 

proportional to the cross-sectional diameter of the coupler, and inversely 

proportional to the wavelength. Thus, operating with smaller channel spacings, 

which involves longer couplers with smaller diameters, will decrease the 

performance of the four channel device, while couplers operating at lower 

wavelengths will be slightly easier to produce. Both of these effects have been 

observed. This property effectively limits this type of device to four channels 

within a single wavelength band if high isolation is required. Since some 

applications may allow operation in more than one wavelength band 12,13,14, an 

eight channel mux/demux was created by cascading two sets of four channel 

mux/demux devices with a 7 nm channel spacing, one at 1300 nm and the 

other at 1550 nm, with one 1310/1540 nm coupler. The isolation of all eight 

channels was measured to be better than 20dB, with a total insertion loss for 

any channel of < 0.8dB. The usefulness of this type of device is, however, 
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limited by the fact that there are not currently any commercially available all-

fiber amplifiers that can be used in WDM systems using channels in both the 

1310 and 1550 nm wavelength bands. 

 

3.2.2 Four Channel Add/Drop Filters 

In many systems it would be useful to have a device that is capable of 

pulling off only a single wavelength channel from a fiber trunk line, while 

allowing all other  wavelengths  carried  by  the  fiber to pass  with minimal 

loss 15,16.  Similarly, a device that can add a single wavelength without 

affecting any other signals already being carried by the fiber would also be 

necessary. Such devices, known as add/drop filters, can be created for a 4 

wavelength WDM system by once again cascading fused fiber WDM devices 

with channel spacings that vary by a factor of two.  The mechanics of creating 

such a device are revealed in Figure 3-6.  Much like the 4 channel mux/demux 

devices, three couplers are required to produce a 4 channel add/drop filter; 

however, in this case two of the couplers are identical.  The device is once 

again totally bidirectional.  In addition, the same device is capable of acting 

simultaneously as both an add and a drop filter. Although Figure 3-6 depicts 

operation in the drop filter mode, the same device could be used as an add 

filter for λ3 by injecting that signal into the unused input fiber of coupler B.  

Add/drop filters for the other 3 wavelengths could be created by slightly 
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altering the operating characteristics of coupler B and splicing it onto the 

appropriate output arm off the initial coupler. 

 

Figure 3-6:   4 channel add/drop configuration and associated coupler 
wavelength response curves 

 

 To demonstrate a four channel add/drop filter, couplers with matching 

wavelengths were produced using Corning SMF-28 fiber and spliced together 

to produce a filter with a 7 nm channel spacing in the 1550 nm wavelength 

band.  The isolation spectra (using unpolarized input light) for both the through 

and the drop ports are shown in Figure 3-7.  Better than 20 dB isolation has 

been achieved at all 4 operating wavelengths for both ports.  The measured 

insertion loss for all four channels was once again measured to be less than 

0.5 dB, even for the signal at λ1, which passes through three PINC WDM 

couplers and associated splices. 
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Figure 3-7:  Measured wavelength response of 4 channel  
add/drop filter 

 

 It must be noted that although cascaded add/drop filters for higher 

channel counts can be created in a similar manner, systems employing the 4 

channel cascaded fused fiber add/drop multiplexers described above could not 

be scaled up to include additional wavelengths without replacing every 4 

channel filter with one designed for the new channel count. 

 

3.3   Higher Order WDMs 

To cascade PINC WDMs in a manner enabling channel counts in 

excess of four, it is necessary to add a third layer to the tree structure 

described previously.  Adding a third layer requires using couplers with a 
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channel spacing which is double that of the second layer, and will enable the 

mux/demux of up to 8 wavelength channels.  Thus the required channel 

spacings for the different layers will be Δλ, 2Δλ, and 4Δλ, respectively.  An 8 

channel mux, with a Δλ of 5.9 nm (chosen to match available laser 

transmitters) is depicted in Figure 3-8. It once again must be noted that some 

couplers with equal channel spacings will not be identical since they must be 

fabricated to operate at different wavelength channels, and thus a total of 7 

unique couplers are required for an 8 channel mux/demux. 
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Figure 3-8:  Cascaded 8 channel fused fiber mux/demux 

 

 When cascading PINC WDMs for operation over more than 4 

wavelength channels within a single band, the polarization envelope of the 
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narrow channel (Δλ) coupler can severely limit the performance of the 

resulting device. This results in increased cross-talk for those channels 

furthest removed from the peak of the polarization envelope.  When operating 

in a mux configuration, the net result is a slightly higher (and more polarization 

dependent) insertion loss, which may be acceptable for many applications.  

However, when used in the demultiplexing mode, this cross-talk can make the 

device unsuitable for the great majority of applications, even the less 

demanding digital systems 17,18.  To determine the level of isolation that could 

be expected to be achieved with an 8 channel cascaded demux device, the 

wavelength response for an 8 channel demux was calculated using the 

functional form for PINC WDMs given in Equation 2-10, once again with the 

caveat that for relatively small deviations from the envelope peak wavelength, 

the polarization envelope function can be modeled as being approximately 

linear in wavelength.  A Δλ of 5.9 nm was assumed, and polarization envelope 

widths typical for 5.9 nm, 11.8 nm, and 23.6 nm couplers produced in our 

fused coupler station were used (nominally 115 nm, 240 nm, and 700 nm 

respectively).  In addition, coupler and splice losses were ignored, the 

wavelength channels for the various couplers were assumed to be precisely 

aligned, and the polarization envelopes for the couplers were perfectly 

centered with respect to the operating wavelength channels of the couplers.  

This results in an approximate form for the power throughput for the arms of 

each coupler given by 
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where 1Φ  is a phase adjustment to force a minimum to occur at one of the 

coupler's design wavelengths, 1Ψ  is a phase adjustment to force the 

polarization envelope peak to occur at the midpoint of the coupler's design 

wavelengths, and ΔλWDM and ΔλENV are the appropriate channel width and 

polarization envelope width for the given WDM coupler.  The forms of these 

phase terms are given by 
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with Δλ1 being one of the operating wavelength of the coupler, and Δλ1m being 

the midpoint of the coupler's design wavelengths.  The output for each port is 

then given by 

kCjCiCN PPPP ⋅⋅=             (3-5) 

where Ci, Cj, and Ck represent the three couplers traversed by light exiting a 

given port N as depicted in Figure 3-8. 

The resulting best-case isolation spectra (assuming unpolarized input 

light) are shown in Figure 3-9.  It can be seen that many of the channels have 

isolation peaks at or below the 15 dB level.  When allowing for the real world 

case of slightly miss-aligned channel wavelengths, non-symmetric polarization 
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envelopes, and considering the effects of having polarized input signals, it 

would be expected that actual worst-case isolation values could be less than 

10 dB for some channels.  An enhanced isolation version, such as that shown 

previously for 2 channels, would require 3 times the number of couplers (a 

total of 21), and would be expected to double the achievable isolation.  This 

could still result in worst case isolation values of less than 20 dB for some 

operating wavelengths. Although this could be improved somewhat by 

increasing the minimum channel spacing of the operating wavelengths, the 

transmitter channel spacing is ultimately limited by the ability to fabricate the 

wide channel PINC WDMs used in the third stage.  As indicated in Chapter 2, 

the upper bound for repeatable fabrication of PINC WDMs for most fiber types 

is on the order of 30-35 nm. 

   By eliminating the two channels furthest removed from the polarization 

envelope peak, the expected performance of a cascaded mux/demux can be 

significantly enhanced. To demonstrate operation of such a 6 channel device, 

couplers were fabricated to most closely match available laser transmitters at 

wavelengths of 1534.9, 1541.0, 1546.6, 1552.5, 1558.3, and 1564.1 nm.  The 

cascaded mux device, with an average Δλ of ~ 5.9 nm, contains a total of 5 

couplers.  The configuration is identical to the 8 channel case depicted in 

Figure 3-8, except for the elimination of two 23.6 nm PINCs made 

unnecessary by the elimination of λ1 and λ8 , and a subsequent re-labeling of 

the wavelength channels. Figure 3-10 shows the device output when used to 
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multiplex the 6 lasers listed above, each one with an output of approximately 

10 mW.   
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Figure 3-10:  Multiplexed output using six 10 mW DFB laser diodes 

 
 The 6 channel mux (and enhanced demux to be described shortly) was 

placed in a component box and the fiber leads were fitted with FC connectors 

to aid in measurement.  The connectors add a loss of ~ 0.25 dB per 

connector, with significant variation ( ± 0.25 dB) possible.  To measure the 

best and worst case performance of the device, an all-fiber polarization 

controller 19, capable of converting any arbitrary input polarization state into 

any desired output state, was attached to the output of each laser diode.  The 

signal was then directed into the mux/demux device, and the output sent to an 

optical spectrum analyzer for measurement.  This setup is shown in Figure 3-

11.   
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Figure 3-11:  Polarization dependence measurement system 
 

Table 3-2 contains the measured insertion loss for each channel for the 

device when used as a 6 channel mux.  As expected, the outside channels 

show the highest degree of polarization dependence, while the two inner 

channels show the lowest overall loss due to their passing through only two 

PINC WDMs and not three as do the other four channels.  The relatively high 

loss exhibited by channel 2 can most likely be attributed to an abnormally high 

output connector loss, since it passes through the same couplers and splices 

as channel 6 and would not be expected to have a significantly different 

average insertion loss. 
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Table 3-2:  Insertion loss for connectorized 6 channel mux device 

 

 CH 1 CH 2 CH 3 CH 4 CH 5 CH 6 
Max 

Insertion 
Loss (dB) 

1.40 1.47 0.87 0.82 1.19 1.14 

Min Insertion 
Loss (dB) 1.06 1.40 0.71 0.74 1.06 0.96 

Avg 
Insertion 
Loss (dB) 

1.23 1.43 0.79 0.78 1.12 1.05 

Polarization 
Depentdent 
Loss (dB) 

±0.17 ±0.03 ±0.08 ±0.04 ±0.06 ±0.09 

 

  

Figure 3-12 depicts the performance (as measured with unpolarized 

input light) of this same device when used as a standard 6 channel demux.  

The relatively poor isolation peaks, less than 17 dB for some channels, at 

wavelengths 1 and 6 indicate the origin of the higher polarization dependent 

loss measurements for these channels when operating as a 6 channel mux.  

This device would be expected to have relatively poor worst-case isolation 

over all input polarizations. 

 To overcome the unsatisfactory isolation performance of the standard 6 

channel mux/demux, a high isolation version, targeted for analog link 

applications requiring up to 35 dB optical (70 dB RF) isolation, was developed. 

The design is shown in Figure 3-13.  A total of 17 PINC WDM couplers are 

required to achieve the required channel isolation.   
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Figure 3-12:  Isolation of standard 6 channel multiplexer 
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Figure 3-13: Configuration of enhanced isolation 6 channel demux 

Wavelength (nm)
1530 1540 1550 1560 1570

Is
ol

at
io

n 
(d

B
)

0

10

20

30

40
Ch 1 
Ch 2 
Ch 3 
Ch 4 
Ch 5 
Ch 6 



 
118

Since the narrow channel (Δλ=5.9 nm) coupler is the primary isolation-

limiting device, as it must operate over the largest number of wavelengths, 

three of these couplers are cascaded in series for each output arm, while two 

are used for all other couplers. Figure 3-14 is a photograph of the fully 

packaged enhanced isolation 6 channel demux (with US quarter included for 

scale). This photograph shows that even cascaded devices with relatively high 

fused fiber component counts can be packaged in relatively compact form 

factors (the height of the package is primarily determined by the requirements 

of the optical connectors). 

 

         

 

Figure 3-14:  Fully packaged enhanced isolation 6 channel demux 
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This device was measured using a broadband unpolarized light source 

in conjunction with the OSA, and the results obtained are shown in Figure 3-

15.  Isolation, as compared to the input power levels, is better than 37 dB for 

each output port over all six wavelength channels, and exceeds 50 dB for the 

center four wavelengths.  The noise on those portions of the curves exceeding 

50 dB is due to the limited dynamic range (as determined by the OSA noise 

floor) of our test configuration. 
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Figure 3-15:  Measured response of enhanced isolation  
6 channel demux 
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 Performance of the device over all possible input polarizations was 

measured in the same manner as for the 6 channel mux, with a separate 

series of measurements performed for each of the six laser transmitters.  

Channel isolation and insertion loss were measured by observing the laser 

peak power transmitted through each of the six output ports, and measuring 

the best and worst case values as the input to the demux was rotated over the 

complete range of polarization values. The best case, and worst case, 

isolations for each of the output ports are listed in Tables 3-3 and 3-4, 

respectively.  The diagonal entries are used to show the respective best and 

worst case insertion loss for each channel.  The isolation values listed are 

computed by comparing the laser signal peak power at each output port to the 

lowest throughput power measured (over all polarizations) for that wavelength. 

 

Table 3-3:  Best case isolation for 6 channel enhanced isolation demux 

 

Output 
Channel 

(port) 

Channel 1 
Isolation 

(dB) 

Channel 2 
Isolation 

(dB) 

Channel 3 
Isolation 

(dB) 

Channel 4 
Isolation 

(dB) 

Channel 5 
Isolation 

(dB) 

Channel 6 
Isolation 

(dB) 

1 2.1 >68 59.5 >68 57.5 66.9 
2 >68 2.2 >68 62.7 >68 62.8 
3 42.0 >68 1.9 >68 56.1 49.8 
4 67.5 59.9 >68 1.8 58.9 44.1 
5 57.4 >68 66.2 >68 2.3 51.2 
6 >68 52.5 >68 62.4 60.0 2.8 
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Table 3-4:  Worst case isolation for 6 channel enhanced isolation demux 

 

Output 
Channel 

(port) 

Channel 1 
Isolation 

(dB) 

Channel 2 
Isolation 

(dB) 

Channel 3 
Isolation 

(dB) 

Channel 4 
Isolation 

(dB) 

Channel 5 
Isolation 

(dB) 

Channel 6 
Isolation 

(dB) 

1 2.4 >68 65.8 >68 47.9 53.8 
2 55.3 2.6 >68 56.6 67.0 48.6 
3 39.5 >68 2.2 53.6 50.9 35.1 
4 52.8 51.9 >68 2.0 49.6 34.6 
5 55.9 >68 59.4 54.6 2.7 37.0 
6 67.8 46.9 >68 56.1 51.4 3.1 

 

 

 The values listed in these two tables indicated that the design goal for 

this cascaded demux device was achieved.  A dynamic range of 

approximately 68 dB for these measurements was again determined by the 

combination of available input power and OSA noise floor considerations.  

Worst case channel cross talk, given by laser 6 bleeding over into ports 3 and 

4, was essentially equal to the nominal 35 dB requirement.  It should be noted 

that the isolation values listed in the tables as being greater than about 50 dB 

would not be observed when doing integrated power measurements (as 

opposed to measuring power at the peak laser wavelengths, as done here), 

due to the limited side mode suppression available from commercial diode 

lasers, which is apparent in Figure 3-10. Best and worst case insertion losses, 

ranging from 1.8-2.8 dB and 2.2-3.1 dB, respectively, are in line with 

expectations, and represent variations in number of couplers traversed, 
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coupler excess losses, splice losses, connector losses, and losses due to 

coupler cross-talk. 

 

3.4  Summary 

  This chapter described the performance of devices created by 

cascading together multiple fused fiber PINC WDM couplers.   Two channel 

WDMs were demonstrated with peak isolations greater than 40 dB, or with 

isolation of better than 25 dB over a rejection band greater than 40% of the 

WDM channel spacing, and losses less than 0.4 dB.  Two types of 4 channel 

WDMs were demonstrated: add/drop multiplexers, capable of adding on or 

dropping off a single wavelength channel from a trunk line containing 4 

wavelength channels, and mux/demux devices, used to combine 4 laser 

transmitters onto a single optical fiber and later separate them for individual 

detection.  Both of these devices are made by combining 3 PINC WDMs of 

different channel spacings, and each exhibited losses less than 0.5 dB while 

maintaining isolations of at least 20 dB over all wavelength channels.  

 Higher order cascades were also discussed. Eight channel 

multiplexers, comprised of three stages and made from a total of 7 PINC WDM 

couplers, were considered.  It was shown that the performance such devices 

when used as wavelength demultiplexers is severely degraded by the 

polarization properties of the fused fiber WDMs.  However, similarly 

constructed WDMs designed to operate over only 6 channels were shown to 
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perform well, with a connectorized enhanced isolation demultiplexer 

demonstrated with a minimum of 35 dB isolation for all channels which had a 

worst case insertion loss (over all polarizations) of approximately 3 dB or 

lower.  Such cascades involving relatively large numbers of PINC WDM 

couplers (17 in this case) are made feasible by the extremely low excess loss 

of the individual couplers and a potentially low cost manufacturing process. 
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Chapter 4 
 

Index of Refraction Changes in Highly Overcoupled 
Fused Fiber Couplers 

 

In Chapter 2, it was shown that the fused fiber polarization independent 

narrow channel (PINC) wavelength division multiplexers (WDMs) we have 

developed have excellent operating characteristics.  The fact that the fused 

fiber manufacturing technique can be scaled to allow for high volume 

production, and thus potentially low cost, bodes well for the use of these 

devices in WDM fiber links which use 2-4 wavelengths in either the 1310 or 

1550 nm wavelength bands. Narrow channel fused fiber wavelength division 

multiplexers have indeed been shown to be useful components for such 

systems 1.  In order to better understand the properties of these devices, it is 

useful to examine the dependence of the wavelength response of a narrow 

channel fused fiber WDM upon the index of refraction of the coupling region. 

One of the main factors behind the interest in studying the effects of altering 

the index of refraction in a fused fiber WDM is the difficulty in establishing the 

degree of control in the fabrication process necessary to make such devices at 

specified wavelengths.  As the device is manufactured, the coupled power will 

switch very rapidly between the two output fibers when the coupler is tapered 

to the longer lengths necessary to achieve narrow channel spacings 2.  This 
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can make it difficult to stop the tapering process at the precise moment when 

the coupler has reached the desired wavelength response.  Even when this 

has been achieved, the channel wavelengths of the WDM may undergo a 

slight shift during the packaging process due to the additional stress that may 

unintentionally be applied to the fused region during the bonding of the fused 

coupler to the supporting substrate 3.  For these reasons it would becomes 

important to develop a process by which the wavelength response of such 

fused fiber WDMs could be fine-tuned after the tapering and initial packaging 

steps have been completed.  Such fine-tuning has been demonstrated on bulk 

electro-optic devices by applying high intensity ultraviolet (UV) light to a 

section of the waveguide in order to adjust the optical path length 4.  A useful 

approach would be to describe the changes in the wavelength properties of 

PINC WDMs in terms of the number of coupling cycles (N) and the number of 

maxima in the polarization envelope (M) which the coupler has undergone 

during its manufacture (as evident, for example in Figure 2-2), since these 

parameters are much more readily determined than those describing the 

physical dimensions of the finished coupler. In addition to demonstrating that a 

UV trimming technique, similar to that described above, may be applied to the 

fine tuning of fused fiber devices 5,6, investigating the change in coupling upon 

variations of the glass index will provide insights into the environmental 

sensitivity of highly overcoupled fused fiber couplers 7. Characterizing the 

magnitude of the index induced coupling changes also opens up the prospect 
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of creating temporary changes in the index of refraction of a PINC WDM in 

order to create a compact all-optical wavelength router. 

 

4.1 Analysis of Index of Refraction Induced Coupling Changes 

The coupling properties of fused fiber couplers in the presence of 

unpolarized or randomly polarized light have been examined, and it was 

shown that the primary power coupling and the modulating envelope were due 

to terms involving the sum and difference of the coupling coefficients for the 

two orthogonal polarizations.  If the fibers are well fused, as is typically the 

case for couplers manufactured with our apparatus, the coupler can be 

reasonably well modeled using the rectangular cross section approximation for 

the coupling region put forth in Chapter 2.   The coupled power wavelength 

response of such a device, to lowest order in λ/a, can be written as 8  

      ( ) ( )[ ]2
0 coscos1

2
1 λαλα −+−= PPC                                 (4-1) 

where  α+  =  3 π L / (16 a2  n) ,  α-  = 3 L (n2-1)1/2 / (32 a3 n3),  a and 2a are the 

dimensions of the coupler cross-section, L is the length of the coupling region, 

and n is the index of refraction of the glass (the coupler here is once again 

assumed to be surrounded by air). 

To produce a WDM, where ΔλWDM is the wavelength difference between 

minima and maxima in the coupled power response curve, we find ΔλWDM  =  

π/α+ , and this leads to an inverse relationship between the length L and 
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ΔλWDM .  If a given WDM is produced with a minimum at a wavelength λ1, it will 

have been pulled through N coupling cycles, such that    α+  λ1 =  2 N π.  Using 

this expression for the wavelength, one can examine the change in 

wavelength that will occur if the index is allowed to change.  Doing this, and 

using the relationship between L and ΔλWDM , one can derive the expression 

    n
nN

WDM

S Δ
=

Δ

Δ
21

λ
λ

            (4-2)  

where ΔλS1 is the shift in the location of the minimum in coupled power due to 

the index change Δn.  Thus, the wavelength change, when viewed as a 

percentage of the overall WDM channel spacing, is equal to the percentage 

change in the index of refraction times twice the number of power transfer 

cycles the coupler has undergone.   

 A similar expression can be derived for the amount of shift in the 

location of the maximum of the polarization envelope, and the result is 

   
( )
( ) n

n
n
nM

ENV

S Δ
−
−

=
Δ

Δ

1
32

2

2
2

λ
λ

            (4-3) 

where ΔλS 2  is the shift in the polarization envelope, ΔλENV  is the width of the 

envelope as represented by the distance from one maximum point to another, 

and M is the number of polarization envelope maxima that the coupler has 

been pulled through.    Assuming the coupler has been manufactured so that 

the wavelengths of operation are simultaneously at an extremum in the 
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coupled power and at a maximum in the polarization envelope, it can be 

shown that 

   M
N

WDM

ENV ==
Δ

Δ

−

+

αλ
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λ
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2  .            (4-4) 

Using this result, and choosing n = 1.46, Equation 4-3 can be rewritten as  

     n
nN

WDM

S Δ
≈

Δ

Δ
1.12

λ
λ

 .            (4-5) 

Thus, the shift in the envelope is in the same direction as the WDM shift, but 

only about half as large. 

 It can be seen from Equation 4-2 that to get a meaningful shift in the 

peak response of a fused coupler, index shifts on the order of 10-4 or greater 

are necessary.   It has been demonstrated that the index of refraction of Ge-

doped glass fibers is sensitive to UV light 9, with moderate shifts (10-5-10-4) 10 

in the index believed to be the result of UV induced defects associated with 

the core dopants, and larger index shifts (10-3 - 10-2) 11 resulting from structural 

changes in the glass core due to localized fusing as a result of very high 

intensity UV irradiation.   In fused fiber couplers made with Ge-doped cores, it 

has been observed that the core dopant diffuses outward into the cladding 12, 

and so for highly overcoupled devices it is likely that a small amount of Ge is 

present throughout the coupling region.  Thus, narrow channel fused fiber 

couplers, with N values of 20-100 or greater, where the constituent glass fibers 

have undergone high temperature processing 13, can be expected to exhibit a 
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measurable upwards shift in their wavelength response when illuminated with 

high intensity UV light near 240 nm.  

  

4.2  Temperature Dependence Due to Index of Refraction Changes 

As a check on the expressions derived in the previous section, PINC 

WDMs can be manufactured and temperature cycled to measure the shift in 

the wavelength peaks.  For silica glass fibers, dn/dT  ~ 1.2 x 10-5 / oC  14, with 

the coefficient of thermal expansion being more than an order of magnitude 

smaller, so the primary cause for a shift in the wavelength response of the 

coupler will be due to the temperature dependence of the index of refraction.  

Figure 4-1 shows the measured temperature dependence of the location of 

one of the wavelength channels in a PINC WDM with an 8.5 nm channel 

spacing, which had N=93.5 and M=5.  The curve is believed to deviate from 

linearity at higher temperatures due to packaging effects.  Fitting a line to the 

linear portion, a slope of dλ/dT ~ 1.3 x 10-2 nm/oC is found.  To compare this to 

theory, it is necessary to take the derivative of Equation 4-2 with respect to 

temperature.  Doing this, and using known values of N, ΔλWDM, n, and dn/dT, 

the result dλ/dT = 1.3 x 10-2 nm/oC is obtained, which closely agrees with the 

experimental data. 
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Figure 4-1:  Temperature dependence of the peak channel wavelength 
 of an 8.5 nm PINC WDM 

 
 

To further check on the self-consistency of the derived equations when 

applied to actual WDM couplers, a pair of PINC WDMs, with nominal channel 

spacings of 22 nm and 8 nm, were manufactured and their wavelength 

response was measured.  This data was then fit to Equation 4-1 using a least 

squares fit with the parameters a and L, and α+ and α- were calculated from 

these fitted parameters.  The wavelength response and fitted data for these 

two couplers are shown in Figure 4-2.  The relevant data for each coupler is 

listed in Table 4-1.  
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a) 8 nm channel spacing 

 
 

b) 22 nm channel spacing 
 

Figure 4-2:  Wavelength response curves for PINC WDM couplers  
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Table 4-1:  Coupler data with fitted parameters 

Coupler N M N/M α+ (nm-1) α- (nm-2) ΔλWDM (nm) ΔλENV (nm) ΔλENV/ΔλWDM

1 36 1 36 1.4296 x 10-1 1.3574 x 10-6 21.98 742.8 33.8 

2 101.5 5 20.3 3.7491 x 10-1 5.1250 x 10-6 8.38 196.7 23.5 

 

 

In these results, ΔλWDM and ΔλENV were calculated from the values 

obtained for α+ and α- .  It is observed that Equation 4-4 is indeed verified by 

the data, with discrepancies only on the order of 10%.  To check on the validity 

of the other derived expressions, the wavelength shifts and index changes 

calculated using these results can be compared to those expected if the 

parameters of the fitted data, using Equation 4-1 as the functional form for the 

coupled power, were changed by a corresponding amount.  Table 4-2 gives a 

comparison of the wavelength shifts obtained by various methods for the two 

couplers studied.  As a basis for comparison, a wavelength shift equal to 1/2 

the WDM channel spacing was assumed.  The equation used to calculate 

each value is given in parentheses.  If no equation number is listed, the value 

was calculated using the fitted data and the functional dependence given by 

Equation 4-1.   The shifts ΔλS2 were determined using the values for Δn/n 

calculated from the fitted data.  Table 4-2 shows relatively good agreement 

between the various methods of calculating index and wavelength shifts.   
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Table 4-2:  Comparison of calculated index related shifts 

Coupler ΔλS1/ΔλWDM Δn/n Δn/n (4-2) ΔλS2 ΔλS2 (4-3) ΔλS2 (4-5)

1 0.5 7.05 x 10-3 6.94 x 10-3 6.25 nm 5.96 nm 6.35 nm 

2 0.5 2.69 x  10-3 2.46 x 10-3 2.38 nm 3.01 nm 2.61 nm 

 

 

4.3 Fine Tuning of PINC WDMs 

In order to investigate the possibility of using UV light to alter the 

wavelength response of fused fiber WDMs, a series of PINC WDM couplers 

was manufactured and pre-packaged, with the fibers attached to a fused silica 

substrate, but not enclosed in the standard protective housing.  Experiments 

were conducted using an excimer laser operating at 248 nm with a KrF gain 

medium and a pulse width of 23 ns.   Pulse repetition rates of 1 or 2 Hz were 

used with pulse energies up to 600 mJ.  The laser intensity profile was 

homogenized, shaped and directed normal to the coupler surface, with UV 

beam dimensions of 1.2 cm x 0.24 cm.  Fluence was controlled using 

variations in pulse energy and dielectrically-coated beam splitting attenuators.  

WDMs were manufactured from Corning dispersion shifted fiber, with nominal 

channel spacings of 24 nm (N~36), 15 nm (N~55) and 8 nm (N~100).  

Couplers of each type were then submitted to UV processing at various 

energy fluences.  The wavelength response of the couplers was measured on 

an optical spectrum analyzer both before and after UV illumination.  During 

processing, light from a tunable 1550 nm laser source was input to the 
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couplers, and the signal from both output ports was measured.  The 

wavelength was initially set to the 50% coupling point, to provide maximum 

sensitivity to any wavelength shift, and the shift was measured by observing 

the change in the coupling ratio of the device as a function of the number of 

UV pulses and using the measured wavelength response curves  to calculate 

the wavelength shift.  UV illumination was generally continued until the 

resultant index change was observed to saturate 15. 

Energy fluences used in these experiments were limited by available 

beam splitters; measurements were made at fluences of 242 mJ/cm2, 570 

mJ/cm2, and 1340 mJ/cm2.  No wavelength shifts were observed for fluences 

of 13 mJ/cm2 or below.   As a general rule it was observed that UV processing 

did not significantly change the insertion loss of the devices.  However, at the 

highest fluence levels measured, several couplers broke, and others 

experienced an increase in excess loss of up to 0.8 dB.  This additional loss 

was observed to decrease if illumination was continued beyond the saturation 

point.  The number of pulses to reach saturation scales roughly with the 

fluence, so the saturation effect appears to be a based on the total energy 

applied.  After UV processing, the near end cross-talk of 6 couplers was 

measured.  On five of these, the back-reflection was measured to be < -66 dB 

down, limited by our measurement system.  The sixth was measured to be -54 

dB down, which is still within typical fused coupler specifications.  
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The curves in Figure 4-3 are representative of the wavelength shifts 

observed after UV processing of PINC WDM couplers.  The channel 

wavelengths of this 15 nm WDM were observed to shift by approximately 1.9 

nm after 400 pulses of UV light at a fluence of 242 mJ/cm2.  The change in 

peak isolation observed is not a result of any degradation as a result of the UV 

illumination, but is due to the presence of the polarization envelope which 

modulates the wavelength response of relatively long fused fiber devices (and 

thus ultimately determines the peak isolation), and the fact that this modulation 

envelope undergoes a shift which is different from the shift of the fundamental 

wavelength response curve, as seen in Equation 4-5. 

 

Figure 4-3:  Change in wavelength response of one arm of a PINC WDM 
with 15 nm channel separation 
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Figures 4-4 and 4-5 show the results of the UV illumination 

experiments; the relative index shifts (Δn / n) indicated were calculated from 

the observed wavelength shifts using Equation 4-2 and assuming that 1/2 of 

the coupling region was illuminated by the UV beam.  Figure 4-4 highlights the 

different shifts obtained when illuminating 15 nm channel spacing WDMs with 

various energy fluences.  As expected, higher fluences lead to larger shifts, 

although saturation is reached more quickly.  The top trace in Figure 4-4  

indicates that the damage causing the index shift eventually begins to be 

annealed by overexposure to the UV beam 16, reversing the index change.  

Figure 4-5 shows a similar set of curves, this time with a constant fluence of 

242 mJ/cm2, for the three varieties of WDMs studied.  The difference in 

effective index shifts is believed to be due to the difference in the diameter of 

the coupling region for the three types of couplers.  It has previously been 

observed that the damage causing the index shift was localized to the side of 

the core facing the UV beam due to the high UV absorption in the Ge-

containing region 17.  Thus, the UV beam may not penetrate through the entire 

fused region of the coupler, and those couplers with smaller diameters 

(devices that have been pulled through a larger number of coupling cycles) will 

have a larger percentage of the coupling region exposed, resulting in a higher 

effective index change. 
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Figure 4-4:  Effective iIndex change vs UV pulses for various 
 pulse energies :  55 cycle couplers 

 
 

 
 

Figure 4-5:  Effective index change vs UV pulses for couplers with 
various coupled power cycles N :  UV fluence of 242 mJ/cm2 
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 The data presented above indicates that by illuminating the central 

region of the coupler with pulsed 248 nm light, shifts as high as 75% of the 

channel spacing, with no significant increase in the excess loss or back-

reflection, have been observed.  After the initial pulse, a tuning resolution of 

less than 0.05 nm has been demonstrated.   This technique thus proves to be 

a useful method for adjusting the peak channels of narrow channel fused fiber 

devices before the final packaging step, which should allow higher yields and 

thus lower manufacturing costs for these devices. 

 

4.4 Optical Switching in PINC WDMs 

The UV processing discussed above leads to permanent changes in 

the wavelength response of the fused fiber WDMs.  In theory, if one could find 

a way to create a temporary change in the index of refraction of the coupling 

region in a narrow channel WDM, it would be possible to create an all-fiber 

switch or wavelength router from these devices.  To create such a switch, one 

would want  ΔλS1 / ΔλWDM  to be 1.  If WDMs are made which have been pulled 

through a fairly large number of coupling cycles (N), then Equation 4-2 

indicates that switching could occur with a modest change in the index of 

refraction.   

The method investigated here for creating a temporary change in the 

index of refraction in the coupling region of a fused fiber WDM involves the 

use of an active fiber that has been doped with the rare-earth element erbium.  
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As discussed in Chapter 1, such fibers have been shown to exhibit gain in the 

1550 nm region when optically pumped with the appropriate wavelength of 

light, and have found widespread use as the basis for all-fiber amplifiers and 

laser sources.  Light in the 1550 nm wavelength region traveling in a section of 

fiber doped with erbium will initially experience a loss, as it is absorbed by the 

erbium.  However, once the pump light is turned on, the absorption of the 

doped fiber will decrease.  This change in absorption will result in a change in 

the index of refraction of the glass fibers, as specified in the Kramers-Kronig 

relations 18.  Figure 4-6 shows how this property could be used to create an all-

optical wavelength router.  The speed of such a switch is limited by the exited 

state lifetime of the erbium dopant, which is about 10 ms 19. However, should 

such a switch prove feasible using erbium, other rare earth dopants with 

absorption near the intended signal wavelengths, and having much shorter 

excited state lifetimes, could be investigated. 

 To investigate the feasibility of these fiber switches, a one inch length of 

300 ppm erbium doped fiber was fusion spliced between two sections of 

standard dispersion shifted optical fiber. Although the difference in core 

dimensions for these two types of fiber is fairly large, a combined splice loss of 

less than 0.5 dB could be achieved 20.  A pair of these spliced fibers was then 

used to create a narrow channel fused fiber WDM.  Low (<0.2 dB) excess loss 

PINC WDMs, with channel spacing of 15 nm (N=55) could be fabricated with 

this fiber.  However, when optically pumped with 980 nm light, no change in 
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Figure 4-6:  All-optical wavelength router / switch  (Δλ = ΔλWDM) 

 

the wavelength response of the WDM was observed.   This was attributed to 

the relatively low starting erbium concentration and the fact that diffusion of the 

erbium out of the core and into the cladding glass may have lowered the final 

concentration by as much as two orders of magnitude.  In order to better 

determine the possibility of obtaining optical switching in such a device, the 

highest doped commercially available erbium fiber (~4800 ppm) was obtained, 

and the change in absorption between the pumped (totally bleached) and 

unpumped states was measured for a short section this fiber.  The result is 

shown in Figure 4-7, indicating a peak absorption change of about 0.12 cm-1.  
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Figure 4-7:  Absorption change vs wavelength for a highly doped 
 erbium fiber 

 

A Kramers-Kronig analysis of this data leads to an expected peak index 

change of about 10-6.   Although a cladding doped erbium fiber could be 

fabricated to eliminate the erbium diffusion problem, the maximum erbium 

concentration can be increased by less than factor of 100, giving a maximum 

theoretical peak index change of less than 10-4.  Equation 4-2 shows that such 

a device would need to be pulled through a total of N~5000 coupling cycles in 

order to exhibit switching, which is too large a number for the reliable 

production of PINC WDMs.  In addition, if such a device could be fabricated, it 

would prove to have a high environmental sensitivity, since less than a 10 oC 

temperature change would lead to a Δn large enough to cause switching in the 
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device.  It therefore can be inferred that the index changes that can be 

expected from pumping PINC WDMS containing rare-earth dopants in the 

coupling region are too small to produce a practical device. 

 

4.5 Summary 

 In this chapter, equations have been derived that relate the shift in the 

wavelength response of a narrow channel fused fiber WDM, due to changing 

the index of refraction within the fused region of the coupler, to the number of 

power cycles that the coupler has been pulled through during its manufacture.  

It was shown that the polarization envelope observed in the wavelength 

response of such couplers will exhibit a wavelength shift roughly half as large 

as the shift in WDM channel location.  The derived channel wavelength shift is 

found to be in excellent agreement with experimental data based on the 

known temperature dependence of the index of refraction of silica glass fibers.  

Fine tuning of fused fiber devices capable of multiplexing multiple wavelengths 

of light in the 1550 nm wavelength band by creating permanent changes in the 

index of refraction in the coupling region through the application of high 

intensity UV light has been demonstrated.  In addition, one potential method 

for creating an all-optical switch has been examined, involving absorption 

changes in erbium doped fibers, which lead to index of refraction changes in 

the fibers.  It has been determined that the index changes that can be 

expected are too small to produce a practical switch.  
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Chapter 5 

Selected Applications 

 

  The preceding 3 chapters discussed the underlying principles of narrow 

channel WDMs and showed how the fabrication method can greatly affect 

their operating properties, particularly how the coupler responds to differing 

states of polarization of the input light.  The potential applications for such 

devices are quite diverse, and it would not be possible to include in this 

manuscript an exhaustive listing of the many ways PINC WDMs may be used.  

However, to demonstrate the versatility of the devices, their use in three 

distinct application areas, involving component technology, fiber optic link 

development, and fiber-based sensors, will be described. 

 

5.1 Four Way Pump Combiner 

  The least demanding application for a fused fiber WDM is that of a 

wavelength multiplexer, due to the greatly relaxed requirements placed on the 

allowable cross talk of the device.  The primary requirement in this mode of 

operation is a low insertion loss, and in this regard the PINC WDM is the ideal 

component.  In Chapter 3 it was shown that when used in a cascaded tree 

structure, 4 wavelengths could be multiplexed while still maintaining excellent 

performance over all polarization states.  Although the most obvious use for 
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such multiplexers is to combine signals from separate laser transmitters to 

increase the information carried on a fiber optic link, there are also 

applications that call for a power combiner 1, with the goal of maximizing the 

total power injected into a single mode optical fiber within a relatively small 

wavelength band.  Active fiber devices, such as fiber lasers, amplified 

spontaneous emission (ASE) sources, and amplifiers, all require an optical 

pump to excite the gain medium within the rare earth doped fiber.   There are 

typically a series of rather narrow wavelength windows (representing 

absorption bands for the core dopant acting as the gain medium in the fiber) 

that can be used for the pump.  In addition, for semiconductor lasers, only 

those operating in a single transverse mode are capable of coupling light 

efficiently into the core of a single mode optical fiber, which limits the amount 

of power that can be attained from a single pump source.  For devices 

employing erbium doped fibers, designed to operate in the 1550 nm band, the 

pump bands at 980 nm and 1480 nm have proven to be the most efficient at 

producing low noise or high output power operation 2.  To increase the output 

power of fiber sources or amplifiers, various methods have been employed to 

overcome the problem of coupling pump light into the single mode fiber core.  

Many complex schemes for increasing the amount of available pump power 

have been demonstrated, including multiple amplifier gain stages 3, segmented 

fiber structures consisting of large area multimode pump waveguides 

surrounding the signal's single mode core 4, or polarization multiplexing of 
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pump lasers 5.   Relatively simple, low cost single stage fiber sources and 

amplifiers are generally limited to one or two pump lasers of either band, 

injecting light into one, or both ends of the fiber gain medium 6. 

  PINC WDMs provide a simple, low cost method of combining the output 

of multiple pump lasers into a single mode optical fiber, allowing high pump 

powers to be injected into single stage fiber source / amplifier configurations.  

Using PINC WDMs with a wavelength spacing of 5 nm and 10 nm, up to 4 

lasers can be combined while still staying within the erbium fiber pump band at 

980 nm.  For low loss multiplexing, the pump lasers need to have a stable 

peak wavelength and narrow optical bandwidth, making Bragg grating 

stabilized lasers ideal for this application.  Commercial production of a high 

power multiplexed pump module employing PINC WDM couplers designed at 

the SPAWAR Systems Center laboratory, as depicted in Figure 5-1, has  

 

 

Figure 5-1:  Pump multiplexer schematic 
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recently been demonstrated by SDL, Inc 7.  Figure 5-2 shows a typical output 

spectrum for a 4  laser multiplexed pump module.  These modules are capable 

of supplying up to 500 mW of pump power in a single mode optical fiber. 

         

Figure 5-2:  Typical 4-way pump multiplexer output 

 

  The 10 nm and 5 nm channel spacing PINC WDMs are produced from 

a fiber which is single mode at 980 nm, yet still capable of guiding light at 1550 

nm 8.  When fabricating these devices, the pulling process is generally stopped 

at the peak of the second and fourth polarization envelopes, respectively, 

when monitoring the process at one of the 980 pump band wavelengths. This 

can be compared to a typical 10th envelope maximum for a 5 nm coupler that 

is monitored at a wavelength near 1550 nm.  Since the cosine term describing 

the polarization envelope is not linear in wavelength, and varies as λ2, the 

width of the polarization envelope at 980 nm is wider than that at 1550 nm for 
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a coupler with a given channel spacing (as evidenced in Figure 2-18).  This 

means that not only are very narrow channel spacing couplers easier to 

produce at 980 nm, due to having to monitor the coupling through fewer 

polarization envelopes, but cascaded devices will also demonstrate better 

operating characteristics at these lower wavelengths, with reduced polarization 

dependence. 

 

5.2 Amplified Link Simulation 

  Many properties of erbium-doped fiber amplifiers (EDFAs), i.e., high 

gain, low noise, wide optical bandwidth, and polarization independence, make 

them ideal for use in long distance communications links, and various systems 

have been demonstrated which use them to great advantage 9. However, the 

great majorities of these systems are configured for transmission in a single 

direction only and incorporate optical isolators on both the input and output to 

reduce the effects of reflections and backscattered light on the gain and noise 

figure. Several groups have addressed the problem of bidirectional 

transmission, and have employed schemes that include modulation of the 

amplifier pump 10, the use of optical circulators and separate amplification of 

the signals 11, and the use of 3 dB couplers to separate the signals before and 

after amplification 12. 

  For maximum span, it is desirable to have both wavelengths in a 

bidirectional system located within the low loss window at 1550 nm. In 
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addition, the use of WDM components to separate the two signal wavelengths 

can save 6 dB optical in signal losses, with a resultant increase in span length. 

For many applications, such as certain undersea links, it is infeasible or 

impossible to have a powered in-line amplifier 13, and so the amplifiers must 

operate in pre-amplifier and post-amplifier modes. If component count and 

cost are important issues, it is desirable to have a single amplifier perform both 

operations in a pre-amp/post-amp configuration 14. For these reasons, it is 

worthwhile to investigate the performance of a long distance (218 km) fiber 

optic communications link employing bidirectional transmission at 1540 and 

1556 nanometers, using fused fiber WDM devices and erbium-doped fiber 

amplifiers operating in a simultaneous pre/post amplification mode. 

 

5.2.1 Experimental Link Set-up 

  The system under test is shown in Figure 5-3. Two DFB lasers, 

operating at 1540 and 1556 nm, are biased just below threshold and driven 

with the square wave output of a signal generator to simulate a 1010 pattern in 

an amplitude modulated digital Non-Return-to-Zero (NRZ) system 15. An 

optical isolator immediately after the laser prevents the spontaneous emission 

of the amplifier from degrading the performance of the laser and prevents this 

same emission from reflecting off the laser facet back into the amplifier and 

adding to the noise figure of the amplifier. The signal then passes through a 

signal WDM (1540/1556 nm) and into the erbium-doped fiber amplifier section. 
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The amplifier section consists of a 980 nm pump laser (with a coupled power 

of 22 mW into the erbium-doped fiber unless otherwise noted), 980/1550 nm 

WDMs for pump/signal multiplexing and pump light filtering, and 10 m of an 

AT&T erbium-doped fiber (erbium/aluminum co-doped, 3 micron core size, NA 

of 0.2 and cutoff < 980 nm). The 980 nm laser was oriented to pump towards 

the transmitter. The presence of the 980/1550 WDM used to filter out excess 

pump light also allowed the 980 nm laser to be easily reconfigured to pump in 

the opposite direction through the erbium-doped fiber, allowing a comparison 

between the two pumping schemes. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-3:  Long distance link configuration 
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 After amplification, the signal is transmitted through 218 km of single 

mode dispersion-shifted fiber, cabled for undersea deployment, with an 

average attenuation of 0.22 dB/km including splices. After 218 km, the signal 

passes through a second amplification section, and is routed by a second 

signal WDM through an isolator, which prevents spontaneous emission from 

being reflected off the receiver back into the amplifier. It then goes through a 

fiber pigtailed tunable optical bandpass filter (OBPF), which rejects unwanted 

amplifier fluorescence and prevents receiver saturation, and into an optical 

receiver. The output of the receiver is input to an RF spectrum analyzer and 

signal-to-noise ratio (SNR) measurements are made. The receivers used were 

InGaAs PINFETs with a bandwidth of 65 MHz, and nominal sensitivity and 

saturation powers of -44 dBm and -19 dBm, respectively. To test the 

importance of optical bandwidth of the OBPF on system performance, two 

different types were used in the link. On one side, an interference filter, with a 

3 nm bandwidth, was used, while on the other an optical fiber Fabry-Perot type 

filter, with a bandwidth of 0.4 nm, was used. Both had a minimum out of band 

rejection of -30 dB. All of the components used are commercially available off-

the-shelf devices except for the narrow band signal WDMs. When measuring 

the performance of the system, the pulse generators were operated at 5 and 

20 MHz, to simulate digital transmission at 10 and 40 Mb/s. These data rates 

were chosen as representative of possible speeds at which a particular 

application would be able to send out control signals and simultaneously 
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receive data. The signal strength is measured by looking at the fundamental 

Fourier component of the signal on the spectrum analyzer. The electrical SNR 

is measured using a 300 kHz resolution bandwidth, and 23.3 dB is then 

subtracted to give the true SNR that would be observed utilizing the entire 65 

MHz of receiver bandwidth. 

 

5.2.2 Link Results 

  In using the amplifier in a simultaneous pre/post amplifier mode, the 

gain in the pre-amplifier stage is set by the strength of the signal that is being 

post-amplified. To optimize the total received strength of the signal, it was 

necessary to lower the output of the transmitting lasers. Figure 5-4 shows the 

gain of one amplifier as a function of pump power, and indicates the change in 

performance when it is used as pre-amplifier only, post-amplifier only, and as 

a pre-amplifier with an additional post-amplified signal present. The pre-

amplified signal in this case was at 1540 nm, with an average power of -35.3 

dBm, and the post-amplified signal had a wavelength of 1556 nm and an 

average power of -6.9 dBm. 
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Figure 5-4:  Bidirectional link amplifier performance 
* Pre-amp        Post-amp        ▲ Pre-amp in dual mode operation 

 
 

  A digital communications link, assuming Gaussian statistics, is 

commonly considered errorless if it exhibits a Bit Error Rate of 10-9 or lower. 

This requires a signal-to-noise ratio (SNR) of at least 10.8 dB optical (21.6 dB 

electrical) 16, and thus the goal of the experiment was to demonstrate a 

minimum of 21.6 dB SNR over the 65 MHz bandwidth of the receivers. The 

best simultaneous SNR measurements for the two channels were 28.45 dB for 

the 1540 nm signal passing through the 0.4 nm OBPF, and 29.15 dB for the 

1556 nm signal passing through the 3 nm OBPF, observed with input optical 

powers of -9.2 dBm and pump powers of 28 mW. The 980 nm lasers were 

configured to pump towards the near end transmitters, and 10 m of erbium-

doped fiber was used. Each of these measurements is believed to be limited 

to varying degrees by the spontaneous-spontaneous (sp-sp) beat noise 17 in 
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the receiver, but for different reasons. 

  Using the 10 m erbium-doped fiber length and pumping with 22 mW of 

980 nm light, the 1540 nm signal was observed to be approximately 18 dB 

(electrical) below that of the 1556 nm signal. The bulk of the difference is 

believed to be due to a tilting of the gain curve 18 caused by operating the 

amplifiers in the saturated regime. Although the amplifier gain curve is 

originally flat to within 0.5 dB (optical) in the 1540—1560 nm region, significant 

gain tilt can occur if portions of the Erbium fiber are under-pumped, since the 

peak in the Erbium absorption curve occurs at lower wavelengths than the 

peak in the emission curve. Increasing the Erbium fiber length to 13 m 

increased this differential to 27 dB, while increasing the pump power from 22 

to 28 mW decreased it only slightly to 17 dB. 

 A study was made on the relationship between the applied pump 

powers and link performance. For both signals, each set at a transmitter 

output power of -13.5 dBm, when the pump on the post-amplified side of the 

link was decreased, there was a steady decrease in the SNR. With both lasers 

transmitting, but looking at each channel separately, varying the post-amplifier 

pump from 28 to 15 mW (while keeping the pre-amplifier pump level constant) 

resulted in SNR changes of -4.5 and -5.1 dB, for the 1540 nm and 1556 nm 

signals, respectively. The effect of varying the pump power to the pre-

amplified side of the link was not similar for the two signals, however. For the 

1540 nm signal (with a 0.4 am OBPF), decreasing the preamplifier pump 
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power from 28 to 15 mW (while keeping the post-amplifier pump constant) 

resulted in only a 0.2 dB decrease in the SNR. For the 1556 am signal (with 

the 3 rim OBPF), decreasing the preamplifier pump power actually had a 

beneficial effect: the SNR increased by 0.2 dB over a range of 25 to 15 mW, 

with a peak level occurring at 20 mW which was 0.3 dB above that at 15 mW. 

 Results for the 13 m length of erbium fiber showed the same trends as 

the 10 in length, only with wider variations. The post-amplifier pump decrease 

caused an SNR decrease of 8.1 and 6.9 dB for the 1540 nm and 1556 nm 

signals, while decreases over the same pump power range listed above for the 

preamplifier sections of the link resulted in a SNR decrease of 3.75 dB for the 

1540 nm signal and an SNR increase of 1.15 dB for the 1556 nm signal. Note 

that since the amplifiers will be working in a dual configuration, it is still 

advantageous for both channels to be pumped at the higher levels, since the 

SNR increase due to higher pumping in the post-amplifier section will more 

than compensate for any detrimental effects that may be observed in the pre-

amplifier. 

 The surprising relationship between the pre-amplifier noise figure and 

pump power for the channel incorporating the 3 nm OBPF clearly shows that 

the noise for this channel is dominated by sp-sp beat noise, indicating that the 

3 nm OBPF is unsuitable for inclusion in the link as it is configured. This was 

confirmed by leaving the near end transmitter on, and measuring the noise 

level in each channel with and without the far end transmitter turned on. With 
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10 m of erbium doped fiber, pumped at a power of 22 mW, the receiver with 

the 0.4 nm OBPF had a signal induced noise increase of 6.1 dB, while for the 

3 nm OBPF it was measured to be 2.7 dB. Thus, the total sp-sp noise in the 

receiver is greater than the signal-spontaneous (s-sp) beat noise for the 1556 

nm channel using the 3 nm OBPF. The relatively small signal induced noise 

change for the 1540 nm channel indicates that this channel also is ultimately 

limited in performance by the sp-sp beat noise. This, however, is due to the 

small signal levels entering the preamplifier, which even after amplification are 

not large enough to cause a s-sp noise term which dominates over the sp-sp 

noise term. A link with pre-amplifier noise figure determined by signal strength 

in this way is said to be loss-limited. 

  Measurements were made to determine the influence of signal input 

power on the total link SNR. The transmitter power levels were set at -13.5, -

9.2 and -6.9 dBm, and a trend of higher SNR for higher input powers was 

observed. This is expected in a loss-limited system such as this link. However, 

in the 1540 nm channel it was observed that with the output signal levels set 

too high, the pre-amplifier gain was lowered enough by the saturating 1556 nm 

signal to cause this channel to be receiver thermal noise limited, with a 

resultant decrease in SNR. Thus, of the three input power levels studied, the 

link had optimum performance with transmitter output power levels of -9.2 

dBm. 
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  When the 980 nm lasers were moved so that the pump power was 

being directed away from the near end transmitters (i.e. with the erbium-doped 

fibers used as counter-directionally pumped pre-amplifiers), the SNR of the 

1540 nm channel using the 0.4 am OBPF was observed to decrease by 6.7 

dB, compared to an identically configured system (-13.5 dBm transmitter 

power, 22 mW pump power) with the pump power directed towards the near 

end transmitter. The receiver in the 1556 nm channel incorporating the 3 nm 

OBPF was saturated by the fluorescence of the amplifier, even at low pump 

powers, and thus no comparisons could be made for this channel. The 

increase in noise is the result of greatly increased fluorescence entering the 

receiver. The SNR in this configuration showed an increase of 4.6 dB when 

the two pump powers were increased from 22 to 28 mW. Also, a 2.2 dB 

increase in the SNR was observed when the near end transmitter was 

switched off (thus removing the saturating signal from the preamplifier). These 

observations indicate that in this configuration, the signal from the near end 

transmitter has a more pronounced effect on the population inversion of the 

erbium fiber where the far end transmitter’s signal is entering the fiber. Thus, 

in addition to the degraded SNR that was observed, this configuration will 

exhibit a much greater variation in performance with changes in erbium fiber 

length. 
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5.3 IFOG Light Source Optimization 

Interferometric Fiber Optic Gyroscopes (IFOGs) have emerged as a 

strong contender to be the inertial measurement (i.e. rotation sensing) unit of 

choice for a variety of platforms due to their high sensitivity, robustness, and 

potential low cost 20,21.  The underlying principle behind the operation of these 

devices is that of the Sagnac interferometer 22, as shown in Figure 5-5.   

 

Figure 5-5:  Sagnac interferometer 

 

 If a coil of fiber is rotated around its central axis, then light traveling in 

the direction of the rotation will be required to travel a longer distance through 

the fiber to make one complete circuit of the loop than light that is traveling in 

the direction opposite to the rotation.  If the light traveling in each direction is 

then combined, the difference in path length will result in interference fringes, 
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and these fringes will change if the rotation rate changes. The relationship 

between the phase difference between the counter-propagating optical signals 

and the rotation rate is known as the scale factor of the gyro, and this is given 

by the expression 

        Ω≅Δ
λ

πφ
c

RnL 24
             (5-1) 

where L and R are the length and radius of the coiled fiber, and λ is the 

wavelength of the optical source.  Stability of the scale factor is of critical 

importance for proper operation of the IFOG 23. 

 

Figure 5-6: General IFOG schematic 

 

  The general schematic for an IFOG is shown in Figure 5-6.  There are 

many variations possible, particularly whether the device is operated in an 

open loop 24 (where the device is allowed to range over multiple interference 

fringes), or closed loop 25 (where a phase adjustment is made to force the 

output to remain at a given point in a single fringe) configuration.  However, all 

Directional Couplers, Polarizer, 
Phase Modulator

Source

Detector PM Fiber

Ω

Directional Couplers, Polarizer, 
Phase Modulator

Directional Couplers, Polarizer, 
Phase Modulator

Source

Detector PM Fiber

ΩΩ



 163

forms of IFOGs have in common the need for an optical source, a detection 

system, a unit for the combining and possible modulation of the interfering 

signals, and a fiber coil.  Each of these subsystems presents its own 

engineering challenges, but it is the requirements on the optical source that 

will be considered here in more detail. 

The light source used in IFOGs is a critical component that can limit 

their ultimate performance.  Some of the characteristics of an ideal IFOG 

source would be high power, a wide optical spectrum, wavelength stability, low 

cost, and small size.   Rare-earth doped optical fiber amplified spontaneous 

emission (ASE) sources have developed into the most promising technology 

capable of meeting all of the IFOG light source requirements 26.  However one 

area of concern that has emerged with the use of ASE sources in IFOGs is 

that of the output wavelength stability, particularly over temperature.  The 

scale factor of an IFOG, as defined in Equation 5-1, is directly related to the 

power-weighted average wavelength of the optical source, given by  

    ∑
∑ ⋅

=
i

ii
Avg P

P λ
λ              (5-2) 

where Pi is the power at a given wavelength λi. It should be noted that the 

summations shown in Equation 5-2 for dealing with discrete data points are to 

be replaced by integrals when considering the source spectrum as a 

continuous function.   
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The basic components of a fiber ASE source are a length of rare-earth 

doped optical fiber and a high power optical pump to excite the fiber.  Recent 

trends have been to use an erbium doped fiber 27,28, which has a broadband 

emission in the 1550 nm wavelength region and can be pumped by 

commercially available semiconductor lasers at either 980 or 1480 nm. 

Anything that may cause deviations in the mean wavelength of the emission 

will be an error source in the scale factor of the gyro.  These may be inherent 

properties of the doped fiber emission itself, or wavelength dependent 

properties of the components used in the source.  The following sections will 

investigate ways of minimizing some of these error sources through the use of 

optimized fused fiber components. 

 

5.3.1 Pump / Signal Multiplexers for IFOGs 

  As previously mentioned, erbium fiber ASE sources require a pump 

source at either 980 nm or 1480 nm to be multiplexed with the erbium fiber.  

Such sources can generally be used in either a co-propagating configuration, 

where the pump light and ASE emission travel in the same direction along the 

fiber, or a counter propagating configuration, in which the pump travels in a 

direction opposite that of the ASE emission.  Although each configuration has 

advantages, the counter-propagating configuration is often used because it 

generally offers higher output ASE power 29.  Similarly, although either 980 nm 

or 1480 nm pumping may be used, each pump wavelength will give a different 
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ASE source spectrum for a given pump power, with the 1480 pump generally 

resulting in a broader emission spectrum, which results in lower noise levels 

for the IFOG. In a 1480 nm pumped counter-propagating configuration, the 

ASE source light must pass through the pump/source WDM multiplexer before 

entering the primary gyro circuit.  Due to their low cost, small size, and low 

loss, fused fiber WDMs are generally the component of choice.  However, the 

typical polarization dependence of standard fused fiber 1480/1550 nm WDMs 

can lead to unacceptable wavelength shifts when used in IFOG applications.  

The test set-up used to measure the polarization dependence of these devices 

is shown in Figure 5-7. 

 

Figure 5-7:  Measurement of polarization dependent coupling 
 in 1475 / 1560 nm WDMs 

  

The source of the polarization dependent coupling has been explained in 

Chapter 2.  To produce couplers with a channel spacing of 70-90 nm, the 

fused fiber coupler must be pulled through approximately 7-12 coupled power 
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transfer cycles.  As seen in Figure 2-2, couplers pulled to this degree are 

already being affected by the advent of the polarization envelope, which has 

been explained as being due to an offset in the coupled power transfer curves 

for the two orthogonal polarizations, and generally results in achievable 

isolations of < 20 dB for these type of couplers.  A typical wavelength offset for 

a standard coupler is shown in figure 5-8 a), and may be 8-10 nm or higher.  

Although a typical ASE fiber source is essentially unpolarized, as the light 

passes through the coupler, the spectrum for light oriented along the two axes 

of the coupler see slightly different filtering characteristics, and if any of the 

components downstream in the IFOG exhibit any degree of polarization 

dependent loss that may change with time, there can be a small shift in the 

power averaged wavelength seen by the IFOG.  It is thus imperative to try to 

minimize the polarization dependence of the coupler.  This can be done using 

the same methods employed to manipulate the polarization envelope for PINC 

WDMs.  As seen in (4-1), the primary power transfer varies inversely as the 

square of the cross sectional size of the coupler, while the polarization 

envelope varies as the inverse of the cube of the coupler size.  Thus, for a 

given number of power transfers (and thus channel spacing), a coupler with a 

larger cross-sectional diameter will have a smaller polarization dependence; in 

effect the formation of the polarization envelop will be shifter out to occur after 

a larger number of cycles.  For fused fiber couplers, it has been shown that 

larger waist sizes for a given channel spacing can be achieved by increasing 
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the toggle length and or moving the flame closer to the fibers during 

fabrication.  WDMs were fabricated were fabricated using extended toggle 

lengths of +- 6 mm using optimum flame conditions, and the results are shown 

in Figure 5-8 b) .  It is seen that the effective wavelength offset was reduced 

by a factor of almost 3.   

          a)  Standard WDM      b)  Enhanced WDM 

Figure 5-8:  Polarization dependence of 1475 / 1560 nm WDMs 

 

 The isolation achieved by these devices when input with unpolarized 

light is shown in Figure 5-9.  Better than 25 dB isolation is observed at both 

wavelength channels.  These improvements are significant, and show a path 

towards achieving a much improved scale factor accuracy for IFOGs 

employing these WDM components. 
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Figure 5-9: Wavelength response of optimized WDM with  
unpolarized input 

 

 

5.3.2 Bending Effects in Pump Multiplexer Leads 

  The preceding section highlighted the importance of avoiding variations 

the power averaged effective wavelength of the ASE source to maintain IFOG 

scale factor accuracy, and showed that properties of the fused fiber WDMs 

used in the ASE source could have detrimental effects in this regard.  In 

general, ASE light sources pumped using the 980 nm wavelength band will 

see negligible polarization dependent effects, since the fused fiber WDMs 

used for the ASE source/pump multiplexing have been pulled for only a total of 

either ½ or 1 full cycle, which is well before the polarization envelope begins to 
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manifest itself.  However, the WDM component can still cause significant scale 

factor related problems. The cause is related to the type of fiber used to 

produce the WDM.  Ordinary single mode fiber designed for use at 1550 nm 

will have a cut-off wavelength, which is the wavelength below which the fiber 

will support more than one guided mode, of ~ 1250-1300 nm 30.  The effect of 

keeping the cut-off wavelength close to the wavelength of operation is to keep 

the optical mode more tightly bound to the core of the fiber, which results in a 

greater bending tolerance.  The guided wave mode size tends to increase as 

the wavelength is moved away from the cut-off, making it more likely to 

escape from the core of the fiber if bending occurs 31. 

  WDM couplers for 980 / 1550 operation are required to be made from 

fibers which are single mode at both wavelength bands.  Thus the cut-off 

wavelength is typically around 950 nm, while the fiber must still operate at 

1550 nm.  Since IFOG package requirements often require very tight bending 

requirements, this could cause a problem, since the expected bending losses 

will have a wavelength dependent component.  To measure the effect of 

bending on typical fibers meant for use at 980 nm, the experimental 

configuration shown in Figure 5-10 was employed.  The results obtained for 

two commercial 980 nm fibers are shown in Figure 5-11.  The data shown a 

significant wavelength dependent loss, and as expected it becomes more 

severe with decreased bend radius.   
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Figure 5-10: Measurement of optical fiber bend loss 

 

 a) Corning 1060 fiber                      b) Spectran 980nm bend       
insensitive fiber 

 
Figure 5-11:  Wavelength dependent bend losses in WDM fiber leads 

 

  The spectral features observed in the data agree qualitatively with 

similar experiments performed elsewhere 32,33.  There are two probable 

explanations for the data that are similar in origin, both of which are depicted 

in Figure 5-12.   
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Figure 5-12:  Mechanism for creating bending induced wavelength ripple 
 

 In either case, whether due to the formation of whispering gallery 

modes, or the result of multi-layer interference, light escapes from the core 

due to fiber bending, and eventually a portion of this light re-enters the core at 

a later position, resulting in interference effects.  The main concern for IFOGs 

is that the wavelength rippled caused by this effect may vary with time or 

environmental perturbations, and thus result in scale factor instabilities 34.  To 
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see the possible scale of the source wavelength variations, an experiment was 

performed in which one lead of a 980/1550 nm WDM made from Corning 1060 

fiber was placed in an oven, as shown in Figure 5-13. 

 

 

Figure 5-13:  Temperature dependent wavelength ripple measurement 

 

  The change in the mean wavelength of an ASE source was measured 

as a function of temperature for two different loop diameters.  Figure 5-14 

shows the resulting data, indicating that significant changes in the source 

mean wavelength and overall spectral shape are possible, with bend diameter 

critical.  It should be noted that even the small fluctuations shown for the 2 

inch diameter bends may not be acceptable, since many IFOG applications 

require scale factor stability on the order of a few parts per million or smaller. 
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a) Mean wavelength           b) ASE spectra 
 
Figure 5-14: Temperature dependent wavelength ripple in ASE source 

 

  It is obvious that bending in fiber leads of a 980/1550 nm WDM has the 

potential to cause significant problems for IFOG stability.  The obvious solution 

of maintaining a sufficiently large bending radius is not always possible given 

the tight packaging constraints of many IFOG applications.  Since the problem 

involves recapture of leaked light reflected/guided by interfaces involving the 

fiber buffer, one solution to this problem is to strip off the fiber buffer at the 

bends and recoat it with a low index or a highly absorbing material, to remove 

the cladding modes and prevent leaked light from re-entering the core. 
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maximum spectral width have been demonstrated by balancing the power in 

these two gain peaks 36, it is extremely difficult to make such a source with the 

required wavelength stability to be used in navigation grade IFOG units.  For 

this reason the source is often designed to maximize the output power at one 

of the peaks while eliminating as much of the emission at the second peak as 

possible.  However, since the unwanted peak can never be totally eliminated, 

there will always be variations in the mean wavelength for even small 

fluctuations in the applied pump power or the temperature of the erbium fiber. 

Additional filtering of the undesired wavelength peak can enhance the mean 

wavelength stability, and so a simple optical filter based upon PINC WDM 

fused fiber coupler technology was considered as a way of increasing the 

optical source wavelength stability. The PINC WDMs have been designed to 

operate at 1530 and 1560 nm, as depicted in Figure 5-15, and in the 

experiments conducted, the 1560 port was used to pass the desired 

wavelength, while the 1530 port was used to filter out light at the unwanted 

secondary gain peak.  PINC WDMs are ideal filter components because of 

their low loss, very low temperature sensitivity, smooth (sinusoidal) filtering 

properties, small size, and potential low cost.  Polarization independence in 

these devices is also important in that it allows efficient filtering of the 

unwanted wavelength from the unpolarized ASE source output, without 

introducing any potential problem that could arise from downstream 
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components with a polarization dependent loss, as considered in Section 

5.3.1. 

          a) Log           b) Linear 

Figure 5-15:  PINC WDM filter 

 

To investigate the effect of the fused fiber filters on ASE source 

performance, the testbed shown in Figure 5-16 was constructed.  An ASE 

source can have one of 4 basic configurations, which is determined by 

whether it is forward pumped (pump light and output signal travel in the same 

direction) or backward pumped (pump and output travel in opposite 

directions), and whether the output is single pass (no reflections) or double 

pass (the output power is reflected on one side).   The testbed shown in Figure 

5-16 allowed all of these configurations to be tested, with fused fiber filters 

inserted just before the mirror and/or just in front of the optical isolator, 

depending on the configuration under study.   
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Figure 5-16:  Filtered ASE source testbed  
 

 

ASE sources were built and evaluated using all 4 basic configurations, 

both with and without the PINC WDM filters inserted (filter A is only significant 

in the double pass configurations).  Spectra were measured at various pump 

powers, and temperature testing was conducted on the filtered and unfiltered 

sources.  The presence of the filters was found to have very little effect on the 

output powers obtainable from the ASE source, and only a slight narrowing of 

the output spectrum was observed.  However, in most configurations there 

was a noticeable improvement in output spectrum stability, with respect to 

both the pump power and the temperature.  

 Figure 5-17 shows representative spectra for all four ASE source 
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co-propagating configurations, while counter propagating configurations 

contain significant power in both the 1532 and 1560 nm peaks, and exhibit 

significantly higher output power. 

Figure 5-17:  Unfiltered ASE source spectra 
45 mW pump co-prop w/mirror ,  80 mW pump all others 

 
 

  Figure 5-18 shows the effect of the filters on the double pass 

configurations.  In both cases filter b is seen to remove the majority of the 

1532 peak, as expected.  In the counter-propagating case, filter A is seen to 

have very little effect, indicating that most of the reflected 1532 nm light is 

being absorbed in the under-pumped region of the erbium fiber near the mirror 
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even without the filter present.  For the co-propagating case, filter A removes a 

significant portion of the 1532 light, without adding the sharp spectral features 

representative of filter B. 

    a)  Counter-propagating pump                  b)  Co-propagating pump 
         80 mW              45 mW 

 
Figure 5-18:  Filtered double pass ASE source spectra 

 

  Figure 19 indicates the spectral shape of a representative counter-

propagating ASE source using filter B.  This shows that while the filter appears 

to introduce significant spectral features in the log plot, which would introduce 

possible interference noise in a fiber gyro, the linear graph indicates the output 

is relatively smooth, with a single spectral peak. 
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Figure 5-19: Filtered ASE light source spectrum 

 

  To observe the type of improvements that may be expected in 

wavelength stability due to pump power fluctuations, the dual pass counter-

propagating case was considered in Figure 5-20, with plots at two separate 

pump powers.  Although pump power variations on the scale of 20 mW as 

indicated in here would not be observed in real IFOG applications, it helps 

magnify any expected spectral shifts to better judge the qualitative effect of the 

filters.  It can be seen in Figure 5-20 a) that filter A yields virtually no 

improvement in mean wavelength stability.  At higher pump powers the 1560 

nm peak increases significantly compared to the 1532 nm peak.  This shift in 

output to the higher wavelength peak results in a large, unwanted shift in the 

mean wavelength of the source.  Figure 5-20 b) indicates that with filter B, 

although the height of the 1560 nm peak changes, the removal of most of the 

1532 nm peak means that there is a significantly smaller mean wavelength 

change for the source. 
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a) Filter A         b) Filter B 

Figure 5-20: Pump power dependence for dual pass 
 counter-propagating ASE sources 

 
 

  Representative spectral temperature dependencies are shown in Figure 

5-21, again for dual pass configurations.  Once again, temperature changes 

are exaggerated compared to expected IFOG temperature variations to 

emphasize the spectral shifts and provide visual qualitative comparisons of the 

effects of the filters.  For the co-propagating case filter A data is depicted, 

while for the counter-propagating case filter B data is shown.  In both cases it 

is apparent that at the higher temperature there is a measurable shift ing 

power to the lower wavelength peak, resulting in a significant mean 

wavelength shift.  It is also evident that in both cases the effect of the filter is to 

remove a significant portion of the lower wavelength peak, resulting in a 

significantly reduce mean wavelength variation with changes in temperature. 
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 a) Co-propagating - filter A      b) Counter-propagating - filter B 

Figure 5-21:  Temperature dependence for dual pass ASE sources 
 40 mW pump 

 

 5.4 Summary 

  This chapter has served to demonstrate how the unique properties of 

PINC WDM couplers allow them to fill roles in a variety of applications.  The 

low loss and narrow channel spacing of PINC WDMs makes them the perfect 

multiplexing component for power combining of pump lasers for pump lasers 

for erbium fiber amplifiers, where maximum power must be collected from 

lasers operating within a limited pump band. PINC multiplexers were used in 

the first demonstration of a long distance bidirectional data link in which 

erbium doped amplifiers were used simultaneously in the pre-amp and              

post-amp modes. Finally the performance of fused fiber WDMs was examined 

in consideration of optimizing the performance of precision fiber gyroscopes. 
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Chapter 6 

Conclusions and Areas of Future Research 

 

 The field of passive fused fiber devices is rapidly maturing, due to the 

current rush to develop products capable of fueling the demand for solutions to 

the problem of providing ever-increasing bandwidth to current fiber based 

systems.  This thesis has demonstrated a viable method for using the fused 

fiber technique to create WDM devices with the required properties (primarily 

polarization independence) at the narrow channel spacing required in modern 

fiber links.   

 The coupling of a fused fiber device exhibits inherent polarization 

dependence due to the cross-sectional asymmetry of devices comprised of 

two circular fibers.  By observing and manipulating the polarization envelope 

that occurs when monitoring the coupled power of a fused fiber WDM as it is 

being pulled, WDM devices with channel spacings from 30 nm to less than 5 

nm have been demonstrated, with polarization dependence reduced to a level 

enabling better than 25 dB peak isolation of both channels when excited with 

unpolarized input light.  A system capable of producing such devices routinely 

with insertion loss of less than 0.1 dB has been demonstrated, and methods 

for controlling the polarization envelope have been developed.  These process 

controls, which involve tailoring the size and shape of the fused region                   
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cross-section through adjustment of the effective flame temperature and fused 

region length, enable the process of stopping the tapering at discrete maxima 

in the polarization envelop (and thus discrete WDM channel spacings) to be 

expanded to allow for continuous selection of WDM channel spacing.  

 Cascading of narrow channel fused fiber devices to achieve higher 

channel count devices has been shown to be limited by the residual 

polarization dependence of the devices, and not by any limitations of channel 

spacings which can be achieved by the fiber tapering process.  The residual 

polarization envelope, while not having a material effect of the performance of 

2 channel WDMs, effectively limits the number of channels for acceptable 

performance (20 dB channel isolation) in a standard demux device to 4.  Mux 

devices scale somewhat better since the added cross-talk shows up as a 

slight increase in polarization-dependent loss.  Cascading additional devices 

does allow reasonable mux/demux performance to be obtained for devices 

with up to 8 channels, but scaling beyond this point becomes non-competitive 

in relation to other WDM technologies due to the large number of PINC WDMs 

required. 

 A model for PINC WDM operation based upon parameters determined 

at the time of fabrication (specifically the channel spacing of the pulled device, 

and the number of power transfers observed during the tapering process) has 

been derived, and shown to agree remarkably well with measured PINC WDM 

temperature dependence, which has been measured to be on the order of              
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10-2 nm/°C, and is primarily determined by the temperature dependence of the 

glass index of refraction.   This model predicts that adjustments made to the 

index of refraction of the fused region could be used to alter or fine tune the 

operating wavelengths for a PINC WDM, and this has been demonstrated by 

exposing the fused portion of WDMs to high intensity UV light. 

Investigation into some of the common applications for fused fiber 

WDMs have shown that the properties of the PINC WDMs developed in this 

work can provide improvement in the operation of fiber links, optical 

components, and sensor systems that require such devices.  Simultaneous 

amplification of two-wavelength bi-directional signals in a > 200 km link using 

PINC WDMs was demonstrated, made possible by the extremely low back-

reflection of the WDMs. PINC WDMs developed for use as pump power 

multiplexers have been found to be the optimum component for such power 

multiplexing, primarily for their ability to maintain extremely low insertion loss, 

even when cascaded ( < 0.5 dB for a four channel multiplexer) while achieving 

the required narrow channel separations. The techniques developed to reduce 

polarization dependent coupling in narrow channel devices have been applied 

to wide channel WDMs as well, with better than a factor of two improvement in 

performance observed in 1475 / 1550 nm devices designed for use in IFOG 

sensors.   The use of PINC WDMs as filters has paved the way for improved, 

more stable light sources for IFOGs as well.  
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6.1  Directions for Future Research 

 The fused tapered fiber process is a fast and inexpensive method for 

producing passive optical components.  When used to produce WDM devices, 

the primary limitations of this process are the scalability and the inherent 

polarization dependence.  Methods for producing moderate to high channel 

count devices without resorting to long chains of cascaded couplers are 

needed.  Since the channel count for a mux/demux device is limited by the 

number of fiber ports, producing fused fiber WDMs with more than two optical 

fibers is required to reduce the number of cascaded stages/devices for high 

order multiplexing.  Fused fiber power splitters / star couplers have been 

demonstrated in higher order (1x4,1x7,1x19) 1,2,3 configurations, but all involve 

symmetric placement of input and output fibers in 3 dimensional 

arrangements, and no systematic study of the possibility of producing multi-

port WDM components in this manner has been reported.  A linear, 2 

dimensional approach to this problem, involving the methods used in this work 

for placing the optical fibers in contact with each other, could overcome some 

of the fiber packing issues that arise when attempting to use 3 dimensional 

techniques.  

 An extension of the multi-fiber technique outlined above would be to 

create the fiber equivalent of an arrayed waveguide grating.  Multiple fibers 

could be fused together to create a pair of mode mixing regions.  Differential 

heating of the fiber paths between these regions, with possibly an induced 
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bending with a large radius of curvature in the plane of the fibers, could 

introduce the variation in path length needed to introduce wavelength splitting 

at the output.  Such planar-based fused fiber devices would overcome one of 

the biggest problems with integrated optics devices, the large cost and 

associated optical loss involved in coupling fiber pigtails to the on-chip 

waveguides 4. 

 Similar methods for getting rid of the need for fiber pigtailing of passive 

components could be envisioned by developing methods of combining fused 

fiber and silica waveguide technology.  Embedding fused fibers in silica 

substrates, or overcladding of fused fibers after tapering, could allow not only 

the potential for large numbers of fused fiber devices to be combined into a 

single structure, but could also allow for asymmetric cladding index profiles to 

be administered which could be used to compensate for any geometrically 

induced polarization dependence of the fused fiber devices. 

 Finally, research into using fused fiber components as the basis for 

active devices should continue.  Although the attempt to make a routing 

wavelength switch based on rare-earth dopants in the fiber cores described in 

this work was not successful, the potential for active devices using the 

inherently low loss properties of fused fiber couplers is too great for this area 

of research to be abandoned 5.  Such components would be best realized 

using highly overcoupled devices such as the PINC WDMs developed in this 

work due to their enhanced sensitivity to index of refraction changes. 
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Processing of the devices to make them more sensitive to external cladding 

index changes 6,7, in conjunction with methods such as coating or overcladding 

of the fused regions with electro-active compounds 8, or simply placing electro-

optic components, such as semiconductor modulators, in close proximity to 

the fused regions 9, could result in extremely low insertion loss, high speed 

optical switches or modulators. 

 In closing, it is hoped that this work has demonstrated that passive 

WDM components based on fused fiber technology can make important 

contributions to the optical networks currently being deployed, in addition to 

allowing more flexibility for those being designed for future deployment.  It is 

anticipated that further developments in this field will yield high performing, low 

cost devices that will help make widespread, cost effective, all-optical 

networks a reality. 
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Appendix A 
 

Derivation of Coupling Coefficients Using the 
Rectangular Approximation (Strongly Fused Couplers) 

 
 This appendix will derive the coupling coefficients for a strongly fused 

coupler.  It will be based on the formulation described in Marcatili 1, which 

looks at propagation for rectangular waveguides in dielectric media.  The 

general case is represented by Figure A-1, which describes a rectangular 

waveguide imbedded in dielectric media of various refractive indices.  To 

enable a closed form solution, the fields are matched only at the intersection of 

the regions with labeled indices of refraction, an approximation justified by the 

extremely small value of the field in the other regions. 

 

Figure A-1 :  General schematic of rectangular dielectric waveguide 

 

y

xz n1

n4

n2

n5 n3

a

b

y

xz n1

n4

n2

n5 n3

a

b



 194

 In applying this model to the case of a strongly fused coupler, the 

further simplification of setting n2=n3=n4=n5 will be made.   Solutions for the 

guided modes are essentially TEM waves and can be grouped into the two 

families Ex
pq  and  Ey

pq , where x and y describe the polarization, and p and q 

indicate the number of extrema in the field in the x and y directions.  Setting 

n2=n4 and n3=n5 results in the modes being either symmetric or anti-symmetric 

with respect to the x=0 and y=0 planes.  The lowest order mode is a 

symmetric mode, given by p=q=1, while the next lowest order mode is anti-

symmetric, given by p=2, q=1.  If the input to the coupler excites only these 

two modes, then the coupling coefficient is determined by the interference of 

these two modes, and is given by 

2
zazs kk −

=Κ               (A-1) 

where kzs = kz for Ex,y
11 and kza = kz for Ex,y

21 .  Boundary matching Maxwell’s 

equations leads to a series of transcendental equations for the transverse 

propagation constants.  However, for well guided modes, where almost all of 

the power is contained within region 1, the assumption  
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allows these equations to be approximated by closed form solutions.  For the 

Ex
pq modes, these take the form of 
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Solving for kz, and keeping only the lowest order terms in A/a or A/b (since 

these are relatively small given the coupler dimensions, wavelengths of light 

being considered, and index of refractions for air and glass), leads to 
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 Using Equations A-1 and A-5 to solve for the coupling coefficient leads 

to  the expression 
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Note that in Equation A-6 the ky terms cancel since q=1 for both the symmetric 

and anti-symmetric case.  Using Equation A-3 to solve for the coupling 

coefficient for the x polarization results in 
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Similarly, using Equation A-4 to solve for the coupling coefficient for the y 

polarization leads to 
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 The results A-7 and A-8 for the coupling coefficients can now be 

converted from Marcatili's nomenclature to that used in Chapter 2 by making 
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the substitutions Kx → Cx, Ky → Cy, a → 2 a, and Aπ/a → 1/V.  After this 

change, the form of the coupling coefficients for the two polarizations is found 

to be 
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with n2 generally being set to 1 for glass couplers surrounded by air.



 198

References 

1   E.A.J. Marcatili, “Dielectric Rectangular Waveguide and Directional Coupler 
for Integrated Optics,” Bell System Technical Journal, Vol. 48, September 
1969, pp. 2071-2102. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




