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Abstract

This thesis describes a study of fibre grating devices, their fabrication and applications into systems
that can be used in sensing and telecommunications. The study has focused mainly on three main
types of grating: the fibre Bragg gratings (FBGs), the long period gratings (LPGs) and the sampled
fibre Bragg gratings (SFBGs). A number of approaches to design the gratings through simulation and
experiment have been pursued and the resulis are presented. Through simulation, LPG resonance
curves were obtained for the first 53 cladding modes to enable interpretation of grating characteristics.

A number of grating structures have been designed and fabricated. For example, apodised gratings
with 19dB strength in both transmission and reflection have been produced. Also, a compact-grating-
array with high spatial resolution has been demonstrated for quasi-distributed and arbitrarily applied
strain measurements. However, with the measurement of strain, there is a potential for temperature
cross-sensitivity which needs to be compensated, thus, novel FBG strain sensors with the capability to
compensate for temperature-induced wavelength shifts, are proposed and demonstrated.

Many specially designed LPG sensors are proposed: a standard LPG that can be interrogated using a
single light source has been demonstrated to provide simultaneous measurement of strain and
temperature. Also, an LPG produced in double-cladding fibre is demonstrated to be capable of
simultaneously measuring refractive index and temperature. Furthermore, two special LPGs are
demonstrated: one in a standard fibre, which allows for measuring several parameters along with
temperature simultaneously; the other in B/Ge co-doped fibre which exhibit high responsivity.

For SFBG sensing, several novel configurations of multiple-parameter sensors are demonstrated.
They include the use of a single SFBG to measure simultaneously the refractive index of the
surrounding medium and the temperature or a combination of the strain, curvature and temperature. In
addition, the largest curvature-induced mode splitting of 126nm is recorded and the capability of
SFBG to measure curvature of <0.4m™ is demonstrated.

For telecommunications, the novel use of all the three main types of grating has been demonstrated: a
technique for suppressing cladding-mode coupling loss is shown to achieve suppression down to ~0.2
dB in an FBG of 18dB strength. LPGs are demonstrated to provide tuneable loss filters in both
1500nm and 1300nm wavelength regions: the highest tuneability achieved is 2.75nm/°C. An
important observation is that of two perturbation-independent loss peaks at 1245 and 1400nm
wavelength regions, which can limit the tuning range of the loss filters. A method to eliminate or
avoid these loss peaks is also presented

Two novel SSFBG-based microwave filters demonstrated include a transversal filter that achieved
>45dB rejection and a bandpass filter that achieved a rejection level of ~30dB. Nevertheless, the use
of SSFBGs have not been limited to microwave applications, but also to optical telecommunications,
as a Dense Wavelength Division Multiplex (DWDM) filter with >22 flat-top channels was
experimentally demonstrated.

Keywords: Bragg gratings; long period gratings; sampled gratings; Strain and temperature
sensors; optical DWDM and microwave filters

2



Dedication

Dedication

This work is dedicated to the memory of Alhaji Umar Bello Watse who was among those that
advised me to leave an attractive NITEL job offer, to pursue this PhD, but tragically died in a

road accident a year later. May his soul rest in peace. Ameen



Acknowledgement

Acknowledgement

I would like to acknowledge the continuous support accorded to me by my Supervisor and
Advisor Dr Lin Zhang and Prof. Ian Bennion respectively. The encouragement given to me
by Lin was no doubt what fuelled the rapid progress I recorded and led to a number of
publications. Lin has also encouraged many of the post-doctoral fellows in the group to
discuss a number of ideas and provided me with their professional guidance. Ian on the other
hand considering his busy schedules has over the years a given me a huge slice of his

precious time reading and correcting my work.

My thanks go to Kebbi State Scholarships Board, Nigeria, for the funding I received to
support myself during this work. I must also thank Mr Bert Biggs who has been a fantastic
Technician and Laboratory Manager. Bert has always provided material that facilitated my
research on request and indeed promptly. I cannot thank him enough. I must also thank Dr
Yu Liu, Dr Wei Zhang and Dr Xuewen Shu who I have worked with closely. They provided
me academic guidance, and in the process became my very close personal friends. Yu gave
me all the support I required particularly in respect of modification to grating fabrication
software. Wei introduced me to Microwave photonics and was always ready to discuss
experimental propositions. Wei’s support was not limited to academic but also moral
particularly during a very difficult period. Through my work with Xuewen I improved my
understanding of long period gratings, and understood how to refine my research ideas and
conduct my experiments more efficiently. Indeed as described in the Thesis, I used his

simulation results to explain some of my experimental observations.

My thanks go to Profs. Ghafouri-Shiraz and Bajoga, who were behind my decision to come
to Aston. I would also like to thank Dominico Gianonne, who taught me how to start making
gratings, Karen and Kate who I have worked with intermittently during which I improved my
FBG fabrication skills. I also enjoyed working with Tom and Mykhaylo from whom I have
learned so much. One of the LPGs with 240 tn-period used was in fact fabricated by Tom.

My working relationships with Steve, Paul, Rob, and Andy created a very good atmosphere

for research; they are always happy to share equipment with me, sometimes at short notices.

I must also acknowledge the support given to me by Dr Dave Webb. Dave was always

supportive and ready to discuss my work, and he offered me so much guidance, which helped



Acknowledgement

me to publish some of my results. My discussion with Dr John Williams helped me to refine
my thoughts on microwave photonics; I must also thank him for correcting some of my work.
The excellent research atmosphere was created not only by the grating guys but also the
theoreticians. In particular, I would like to thank Sergei, Vladimir, Elena and Igor for being

so friendly and the various academic discussions we had during this research.

The assistance provided to me by Mrs Helen Yard, Selena, Sarah and the remaining staffs
and students are gratefully acknowledged. Sarki has helped to read this work and offered a

number of useful suggestions to which I am grateful.

My special thanks goes to all members of my family, in both the UK and Nigeria, for their
continuous support. In Particular, my wife Zainab and daughters Fatima and Aishat deserve
thanks for tolerating and supporting me all through my studies. Indeed the support from
Malam Bello Gwandu, Jibril, Umar, Bala, Abubakar, Haliru, Arabo, T.S Abdullahi, Mamman
Dan-Masama, Suleman and Atiku are gratefully acknowledged. Finally, special thanks to my

parents for all their support and encouragement.



Table of contents

Table of contents

Abstract 2
Dedication 3
Acknowledgement 4
Table of contents 6
Table of figures 9
List of table captions 14
Table of abbreviations 15
1  Introduction 16
1.1 ATTANZEMENE Of TRESIS. ....veiviretieiirirtiieit ettt e e baeassae e snsia b essenessesaenssnesesseneenens 16
12 JRBTBEBIICEY . vcosunsvsanssiesnvsmasonssstmminss sessomnaadstsnssnaesssRoss SR SRS RN ASE RSB AOSRAR 21

2 Overview of fibre grating technology 22
2.1 Historical overview Of fibre gratings........ccovverierrieriierrneiiesseeeeseieesasseseesseseesesanesassesesanes 22
2.2 Side-Writing tECHIMIGUES ....veieueieeee e et et e et e e e e e eeeae e eeaeeseeeaeansaessearassrnnenesensanns 25
2:3 PhotOSensItIVITY v s s s riass s s s e s A Vi gy B s 33
24 s 1) [ e TR P Ty 1y o T 34
2.5 IR TCTEIICR .. cvsrrmveramsnsssryasas vosaarons asse sryna s oy s N e SRR R o SRR SR A S R 04 5 SR SO AAR SO AR ORI 35

3  Fibre grating properties 41
3.1 It OdUCHOn s S R R e e 41
3.2 Coupled MOde thEOTY......cociiiiiieti et s e b e ebae 41
3:2.1 Coupled mode equations for contra-directional coupling: The FBG........ccccoceveeeeeee. 42
3:201:1  Material and effective mode IndeX «uusamnmnnmnmimiurasinaianmalam: 46

3.2.1.2  Grating sidelobes and HNeWidth .........cccoieiviiriievieiierieicecc et 48

3213  Grating sinmlation Usmg BVt v ieossomarisaismssrsssarsuimiossassssssssmesiissesissis 49

322 The LPG and its interactions with cladding and radiation modes: ..........cccceccveiiinnnne 53

3.3 L0107 4 Lol 13 T« OO 56
34 R O TBIICE T i s meiscavuiasimsasiinassosuniyases s s s sbusiant ke oo sbasedics 558 s msiir taRni AR ai N Sb s FATo LSS o S 56

4  Fabrication of fibre gratings 58
4.1 IR DA UCE ON 7o ns aits st s o ss s EeR e AT R e R e T S AT e s s e anassreob bt e 58
4.2 Index modulation and spectral responses of standard fibre gratings.........c.ccooeveeviieiccnnnene 58
4.3 Spectral characteristics of uniform un-apodised FBGS .........cccoomiiiiniiiiiiiiiiiinicicniciiins 60
44 Fabrication of standard fibre eratings......iicinmiminimiamimimmstimmmsiimimiisissiiisimm 62
4.4.1 BB F DTICATI O x s ssesinsssnassss resssmmsnensateinsssnssustassussnunsass onsonnres s vhsrass eanesnsesssasanrassstons 63
442 LP G FADE G RION. - cxss5ncsevvevoncomscinnvasssyasinninsessss shmassss dseaiass s5eHEs NS KRR CoanibsonsRtssibTans o sins 66
443 SEBCE IABCANON . iosiviimnnilnmasinmmss i e 66

4.5 Specially desioned TIDEe: BTAIIEE . vovsmmssmnanrmssssnpsmavessenstrssas snsnssapsass sonsssansenssasesssssananyomn 68
4.5.1 Apodised in-fibre Bragg grating filers . .ccoaumiismimmminsismsissssssssvsiinsicassseiisn 69
4:5.1.1 Apodisalion PHNCIPIE «ivmimimnsmisaniimmsawiimisiibsibipavammasniaensg 69

45.1.2  Apodisation functions and simulation results...........cceceverienieiriicnineiieeescne 21

45.1.3  Apodisation of phase mask fabricated FBGs..........ccccoccimiiininmiiiinnninnens 72

4.5.14  Experimental apodisation by phase-mask dithering............cccooveiiiiiniicninne 73

452 Chirped fibre Bragg gratings (CFBGS)......ccuiviiiiiiiiiiieincssies st 77
453 CIDed - IO BB s cuisonameioss susruscuvsssnssion soms P aiss s AR AR 489 SO EOF BTN SAPAAT RS 79
454 Standard-superstructure and sinc-sampled FBG......c...cccooiiiiinniiiiinies 80

4.6 Grating spectral MEASUTCIMNENLS........oucciiiririeciiisretsssissees s e e aea s ae e eas s e s snean s 83
4.6.1 S AT TS ASUTBINBII v rserasasinsssoarss rs e T ra Kt S F s R PR A oS A S PR SR M Fo s v R e S 84
4.6.2 TempEratume TCaSUrCIICHT. oo s i s s N R G R 85
4.6.3 Surrounding refractive index (SRI) measurement ..........ccoueeemvieiiiiiimiiiiiinnnnninesneecns 85
4.6.4 Recording grating wavelength Shifts.........ccccorviiiiiirmni i 86

4.7 COMCIBION . cicniisiinnssssiisuvinsassssvissmsssanssinsinhointossHans UIRAIOA NI YRR VARSI S SR USRS SN SR SR 86
4.8 A [ g 1o e D s 87

5  Sensing applications of fibre gratings 89
5.1 1178 a6 13 o o) A B S T 89
5:2 Fibis Bragg srating (FBG) SORBOIE e st tiiivessciinines st crassinisviss s misainesai 920



Table of contents

521 Compact FBG BETay SRNROT. .rsiuesusesssosmisasssusmsrissiiasasssmss s vesmssiamesisssnisiebossvissssrasos 91
3.2.1.1 Concept.of compact FBG-array SENSINE. . ..iiivcuiisiavissivsmssiosssssassosssiosiasiosssiasiss 92
5.2.1.2  Features of the compact FBG-aITay........ccccovuerirueuerenirisinnienesseseesssnesesssssssesenens g3
5.2.1.3  Quasi-distributed strain sensing using compact FBG array...........cocecvvuevnvurnsrerenn. 95

522 Sensitivity tailored FBGs for simultaneous measurement of strain and temperature. 98
5.2.2.1  Sensing principle and sensor CONfIZUIations .............ceceeveivieereseeseiseeereneiecseseenens 99
5.22.2  Inscription of sensors, and measurement of strain and temperature coefficients . 100
5:2.23  Performance as dual parameter SENSOX .umiieerersisrissivasmisssivssraivesisisrsinivesssiarn 115

5.3 Long Period Grating (LPG) SEHSOIS iuissisniiieiminasssiistisnrssnissisorsssistsinionsees sisnmensitbentans 118

5.3.1 LPGs with harmonic-order cladding modes for sensing applications ...................... 122
5.3.1.1  The identification of harmonic LPG cladding modes...........cccecvverriririrrererrinnne 122
5.3.1.2  Using the fundamental and harmonic modes to measure strain and temperature. 126
5.3.1.3  Additional sensing properties of LPGs with harmonics..........cccccoveveveniiirerneenns 129
53.1.4  Using '"LPyy mode for measurement of temperature with other parameters........ 142

532 LPG sensorin 3-ayer fibre.uunannnannennnnsimunymasasnsissaniaineis 151
5.3.2.1  Properties of a 3-layer fibre and the LPG sensor fabrication ........cc.ccecvveurrueruenen. 152
5.3.2.2 SRl and temperature sensing performance..............cooeeuererurierereerveresesssesaessssesennes 156

5.4 Sampled Fibre Bragg Grating (SFBG) SENSOTS.......cccceteeiieemrrnsrianesresssssesessssessessessessans 159
54.1 SFBG sensor for simultaneous measurement of refractive index and temperature .. 159
54.2 SFBG for co-measurement of strain, temperature and Curvature..............coceeveeveneene. 163

5 COTICTUSTON cuhscinucvormusssuinsetyn riasssassaas s oA S S A WS SRR S SIS P R A S SRS 53 179

5.6 RETErEnces: «uviimsinrmnis s e s s e i Nt s astesinssinss 182

6  Gratings-based devices for telecom applications 186

6.1 TEREROTMUICRIGER 0555 s mnsimoiess i omsviai miniondiis s i 354 o A A A R R h s  HA 186

6.2 L o 186

6.2.1 Suppression of cladding-mode coupling loss......cccoooiiiiiiiiieeceeees 187
6.2.1.1  Suppression of FBG cladding-mode coupling 108s ........c.cceueereninnneccnnencrecnns 188
6.2.1.2 Effects of different Tibre IMENSIONS ciivecvinumiiiininiinsssamiamavimisioisgs 194

6.3 PG FIIEIS .ovtivieieieitcee ettt sttt b st sb et st et ebans 199

6.3.1 LPG-bastd tneable 1085 FIIIETS: . cumssmmssmaresssveronmsmisssssiaissasisssassssssmmassssassernernss 199
6.3.1.1  Tuneable loss filter in the 1500nm wavelength region..........ccccovevcivvnienecinnnane 200
6.3.1.2  Tuneable loss filter in the 1300nm wavelength region..........ccccveecevcrvenricnnnnnne 201
6:3:13  Posioveslopein LGS reRpOnSIVILY L i cosimsssresimmmiaissrmsesinssinssiasiss sssssamssassirsisnss 202

6.3.2 Effects of Hy and OH 1088-Peaks. oo s siasismssissmmiiiae 204
6.3.2.1  Effects of hydrogen loading in a standard SMF .............ccccoiiiininiciininiiiins 204
6.3.2.2  Effects of hydrogen loading in B/Ge co-doped fibre.........cccccvciuiiciiiinnnicnnnnee 205

6.4 SEFBIG PHHEIE .o cuansi s soinstiionsussssisssss s i e saii s s dam s Hos s e S A N R USRS S 208

6.4.1 Microwave sub-carrier transversal filter using SSFBG in reflection mode.............. 209
6.4.1.1  The principle of delay line filters...........ccceveriiinmiinieniinn s 210
6412 SEPBG-based tianSverSil e ..o icsommmmisssmmorinsisisvissdsssismssnscasivss 211
6.4.1.3  Experimental implementation of transversal filter ..........ccooooveiiiiinn 212
6.4.14  The effect of dispersive element...........cccovveireiinivineinecsee s 214

6.4.2 Microwave sub-carrier band-pass filter using SBFG in transmission mode............. 217
6.4.2.1  The design of SSFBG used for microwave sub-carrier filter ..........cccccoovvveeinsns 217
6.4.2.2  Experimental implementation and results ............cccoooeiniiciinniciinc 218

6.4.3 TN DIVE OFICAL FTEE. . ossossmeinsunsisussmonsiaimhssnssnie smsss ek dses pmsiiss S s e oS SRR e 222
6431 DWDM filter: Simulation resulisi s nuasngnunniusmasiitainiin 222
6432 DWDM filter: Experimental TeSUIS .....isierssississorsssvirsssacsrassnssissossossonsssssnserisese 223

0.5 C OTNCIUISTON 500056 s rsvssssunvevs sassonsamnsinnrsasssamns sues osmsbnsns Exnnses st on HEFNSTE 28 855 SHHR £ n PR ANRR SR VAR AEHS 224

6.6 RETBIRIICES cusvcivuniviuss mvsiiomuassiammavasiies sovs s assinsin S5 58 s ol s0H s oRsow s oY S H e LTl O S S Bes e 53 225

7  Conclusion 229

7.1 IIETOQUCTION 1eneeeeetciteeeeecte e see e sae s e et e s ess e e e sa e e e ssesnaeseessaesaassenseennseseeenseansenneseanaensensenne 229

7.2 Sutiiary OF TESEATEH AChICVETIENIS «uniciscrsssuoniiontcsssorsessunse e ATt R TR EHEET i ' 229
721 Key achievements related 10 SSOsINg i oinisininmmiaminamiiiisios i siimaiai 229
7.2:2 Key achievements related to telecommunications ..........cccovcieiiciininiiiicinninciccinn 230



Table of contents

7.3 CETUCTUIRNOTIS: w155 ewws s st s S35 S 53 5 R A A R AN 231
7.4 TR WOIK v oscsss o usmiass s i e s s a5t S S A S e St e s i) 236
Appendix1: Publications during this research period 238
Appendix2: Matlab program for LPG curves 241
Appendix3: Matlab program for FBG simulation 251




Table of figure captions

Table of figures

Fig. 2.1: Fibre loss as a function of wavelength showing high loss and low loss regions..................... 23

Fig. 2.2: The experimental method used by Hill and co-workers to produce a periodic modulation of
the refractive index of the fibre, induced by a standing-wave of UV light in the fibre core,
(b) the typical spectrum of light received at the two ends of fibre. .........occceerirecrniicriinnns 24

Fig. 2.3: The Meltz et al's transverse holographic grating writing arrangement: showing the set-up,
and the enlarged section of fibre position relative to the interfering UV beams showing the

periodicindex modulation of the IBTECOTe. s g 26
Fig. 3.1: Uniform period FBG and its responses, A, is the Bragg Wavelength.........cc.....cocevrerrrennn. 42
Fig. 3.2: The Index perturbation inside the fibre causes coupling between forward (A*) and backward
(AT Propaating TOTES: v avarss sy a s S S s e e S S o A R 45
Fig. 3.3: LPG and its interaction With input light ........cccoeeviieiiiiieiicieee e eve s e 53

Fig. 3.4: Spectral evolution of LPG simulated for B/Ge fibre with length increased from 10mm to
61mm in steps of 3mm. Core and cladding radii and refractive indices of 4.15mm and
62.5mm, and 1.4492 and 1.4440 1eSPectiVely ..cooeieeiieee e 55

Fig. 4.1: Index modulation profiles (a) uniform high frequency index modulation imposed by phase
mask to achieve FBG, (b) on-off low frequency index modulation imposed by shutter or
amplitude mask to achieve LPG, (c) the SFBG index modulation obtained by combining
index modulations of (a) and (b). Figs. (d), (e) and (f) respectively are the corresponding

experimentally-obtained transmission-based spectral response for each index profile......... 59
Fig. 4.2: FBG simulated spectral responses (a) k¥ = 10-60, length I = 10mm, (b) & = 20,40,60, 1 =
L0 5 11 1 o OSSOSO 60
Fig. 4.3: The spectral response of UV-inscribed un-apodised 20 mm long FBGs written with a UV
power of (2) 70mW; and (1) 105MW. ciminnasmsivisnimmiiisrasssnvisisimiesiimim 61
Fig. 4.4: The phase mask grating Writing arran@ement.........ccecuereersreroeesseeeneseeseressresseeseesmeseesseesssens 64
Fig. 4.5: Experimental set-up for the fabrication of SFBGS .........cccociviiiciiniiinececieeeeencse e 68
Fig. 4.6: Apodisation envelope of Index modulation imposed on a uniform period FBG................... 70
Fig. 4.7: Simulated apodised FBG responses (a) kK =85, I=10m (b) k=85,1=50m................ 72
Fig. 4.8: The experimental set-up for the fabrication of apodised gratings using a phase mask dither
TECHNICIIE  ccaucoussssssinimmisnraine s s o s b Voo v e S v i 43 S ST SR e s R vaa S S o 74
Fig. 4.9: The piezo shaking-voltage against the strength of FBG transmission dip......c.cccceovvriecnecnene 75
Fig. 4.10: Experimentally obtained apodised FBG transmission and reflective spectra, (a) UV power
80mW, (b) UV power 90mW, (c) UV power 110mW, (d) UV power 100mW ................... 76
Fig. 4.11: A typical CFBG, (a) illustration of index modulation and (b) experimental spectral
SERTIIRE o cchmme e A AR AN SRR e A SR AR s ARt 78
Fig. 4.12: A typical experimental arrangement for dispersion compensation showing CFBG reflecting
light of different wavelengths at different points along the grating ...........ccocociiivviiiiicns 79
Fig. 4.13: A typical lcm long Moiré grating; (a) simulated index modulation and (b) experimentally
obtained SPeCtrAl TESPONEE ..cvusosssmssssirispasiasionenssssssmnaminssriasiiaisssnsssiisasis sstsasmissassissesisann 80

Fig. 4.14: Typical SSFBGs (a) square-shaped index modulation of a 5cm long SSFBG, (b) spectral
response of a S5cm long experimentally obtained SSFBG with square-shaped index
modulation (c) calculated sinc-shaped index modulation of a 1cm long SSFBG, (d)
calculated spectral response of a Scm long SSFBG with sinc-shaped index modulation. ....81

Fig. 4.15: The interrogation set-up for grating-based sensors used for both transmission and reflection

TEL LT TY L N O B N oYU 34
Fig. 5.1: The concept of a compact grating-array indicating period increase. ...........ccoccoueeiccnininnnnns 92
Fig. 5.2: Five Smm concatenated pitch-patterns of phase-mask and the resulting spectra after

CONINUOUS UV SCAN...evvivierieeiirertiiiine ettt st en s se s easanen 93
Fig. 5.3: A spectra of an array of ten 2.5mm gratings designed using on-off UV scan on 5 mask-

patterns and the application of tension to the fibre by computer control..........cccccovverennnnnen. 94
Fig. 5.4: Geometric configuration of a four-point bend jig used to generate distributed strain............ 95



Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Table of figure captions

5.5: (a) The transmission spectra of the 5 element grating-array (with and without linear strain)
and (b) the corresponding linear strain plotted with respect to grating number (c) the
transmission spectra of the 10 element grating-array (with and without linear strain) and (d)
the corresponding linear strain plotted with respect to grating number for the 10 element

2 4 5 o T 96
5.6: The configuration of the strain and tempPerature SENSOT .........covvevrrrreeeeeruerereeseseeraeeraesenans 100
5.7: The spectral responses of Sensorl and Sensor2 produced in H2-load fibre using optionA. (a)
m BGe fibre, () in standard SMP ... cunmmminnnueissiiisissiaiimmesysiaiasismiivs 103
5.8: Wavelength shift plotted against strain, and temperature for Sensorl and Sensor2; (a) and (b)
for strain measurements, (c) and (d) for temperature MeasuUremMents...........ccveevemererueraeans 104
5.9: The spectral evolution showing the effect of multiple scan (without a phase mask) over the
newly formed Bragg grating in a hydrogen-loaded B/Ge co-doped fibre .......coccceveeuennenee. 105
5.10: The spectral evolution of Sensor4: a Type IIA FBG in B/Ge fibre produced using Option C
(250sec per spectrum, totalling 180 MUNULES)...cciviviimssniiismisssiiisissivssisisssssiasisions 106

5.11: The spectral evolution of FBGs obtained in hydrogen-loaded fibres by multiple scan over
the fibre through a phase mask; (a) evolution of over-exposed FBG in B/Ge co-doped, (b)
evolution of over-exposed FBG in standard SMF, (c) the spectral response of the FBG in
B/Ge fibre after annealing, (d) the spectral response of the FBG in standard SMF after
annealing. Each of the offset spectra in (a) and (b) were recorded after 167-, and 250-
seconds of UV exposure for the two fibres leading to a total of 142-, and 180-minutes of
SCANNINE BXPOSULe TESPECUIVEIY. iins it n st ssverois sy 108

5.12: Wavelength shift plotted against strain, and temperature for Sensor5 and Sensor6. (a) and
(b) for strain measurements, (c¢) and (d) for temperature measurement. The inset to (c) is a
re-plot of the same figure but with origins of the linear fits brought closer, the inset to Fig.
5.12(b) and (d) in each case shows the spectral responses from which the plotted data was
CREERCEET, i iy s rm o o SRR 58 S S R SR W 05 N U SRS S e RS R 110

5.13: Wavelength shift plotted against strain and temperature for Sensor7 produced in B/Ge. (a)
for strain measurements; the inset is the spectral response of the sensor at 0 4& , (b) for

temperature measurement; the inset is a re-plot of the same figure but with origins of the
linear fits brought ClOSET ........coviviiiiiiici s 111
5.14: The spectral evolution of a Type IIA FBG written physically- and spectrally- adjacent to the
over-exposed FBG earlier formed in a hydrogen-loaded B/Ge co-doped fibre through
multiple UV scans over the fibre through a phase mask ........cccoooiiiviiiiiiiin 112
5.15: The spectral evolution of Sensor9 showing the formation of over-exposed FBG after the
inscription of a Type IIA FBG in B/Ge co-doped fibre by multiple UV scans over the fibre
through a phase mask. .......ccoeoieiiiii e 113

5.16: Wavelength shifts for Sensor9 produced in B/Ge fibre plotted against (a) strain, and (b)
temperature; the inset in each figure show the spectral response of the sensor from which the
ploticd data Was SXUTACIEH. ... c.crrserstinserstinmmasttemsssissmn i e s s sasssnas sy S ShITs s R ER SRR TR RSO 114

5.17: Calculated variation of y and I" with mode order (a) for B/Ge co-doped optical fibre, and (b)
Tor the:standard SMEG o s s 122

5.18: Spectral responses of LPG of 421 zum -pitch in B/Ge co-doped fibre showing the
fundamental and harmonic cladding modes of second diffraction order...........cccoevriveerennen. 123

5.19: Spectral responses of LPG1 of 390#™ -pitch in standard fibre showing fundamental modes
and the harmonic cladding modes of second diffraction order with a broad weak cladding
mode believed to be 'LP0,; located between the SELS.........evveervecreeeereessseeseesenesessaeeernns 124

5.20: Spectral responses of LPG3 of 480 y, -pitch in standard fibre showing fundamental modes

and the harmonic cladding modes of second diffraction order with a broad 'LPg,; peak
located between the sets. The inset shows the spectral response of the same LPG recorded at
different time indicating the unstable nature of the feature labelled S’. ....ccoccoviicrciiinnens 125
5.21: Spectral response of LPG1: the inset shows the spectral responses of two second diffraction
order modes of the LPG to temperature changes in the wavelength region 960 to 1030nm.
............................................................................................................................................. 126

10



Fig

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig

Fig

Table of figure captions

. 5.22: Spectral responses of an LPG in B/Ge fibre with respect to temperature in the wavelength
region 1200 to 1310nm showing (a) modes ’LPy; and 'LPy, at three temperature values (b)
the spectral positions of the modes ’LPy; and 'LPy, plotted against temperature................. 127

5.23: Spectral responses of an LPG in B/Ge fibre with respect to axial strain in the wavelength
region 1223 to 1292nm showing (a) modes 2LP07 and 'LPy, at axial strain values 0, 2000 and
4800 ue (b) the spectral positions of the modes ’LP,; and 'LPy, plotted against axial strain.

............................................................................................................................................. 128
5.24: Spectral response of an LPG in B/Ge co-doped fibre: the inset depicts the spectral responses
of the device with respect to temperature in the wavelength range 1525 to 1680nm.......... 130

5.25: Spectral responses an LPG in B/Ge co-doped fibre with respect to changing SRI showing
one mode at 1560nm shifting to the longer wavelength by 130nm and the mode at 1625nm
shifting to the shorter wavelength by 45nm for SRI increased from 1.00 to 1.46. Peak 'k’ is
believed to be the short-wavelength shifting branch of the mode located near the dispersion

PUTTUNZ POIIIE. ittt ettt ettt et n e s e st s e e e eas e e s st e e e st e seeeae st caberacnn e et eeeenean 131
5.26: Spectral responses of LPG2, LPG3 LPG4 in standard SMF showing the fundamental mode
'LPy,. appearing at different wavelength for LPGs of different periods.............cccovvuvene.. 132
5.27: The spectral responses of LPG6 of 490 4, -pitch in B/Ge co-doped fibre showing the
fundamental cladding MOAES. .......coouiiiiriiiiic e 133
5.28: Spectral responses of LPG3 showing the response of some of its fundamental cladding
modes to temperature: the inset shows the wavelength shift of 'LPo. plotted against
LETIIPETALUIE. 1. veesieeresesereeeeeese et st etesaee st s essbast b s b esasa s e ae e s b et et ee s es e et et b a e et st es e et essaene 135
5.29: Spectral responses of fundamental modes of LPG3 in transmission and reflection. .......... 136

5.30: The experimental spectral responses of LPG3 showing the response of some fundamental
modes of LPG3 to SRI, with the peak "LPpr showing no measurable wavelength shift: the
inset shows the slight change in transmission depth of 'LPg,; with SRI increase............... 137

5.31: Spectral responses of the calculated 480 4, -pitch LPG to SRI showing no measurable

wavelength shift of the peak 'LPy, but showing slight decrease in the transmission depth of
The PEAK. ....oviiiiiie e e 138
5.32: Spectral responses of the calculated 480 m -pitch LPG showing its evolution with respect

of changes in the refractive index of the fibre core. .......ccocoorvviiiiiiiii 139
5.33: The calculated relationships between resonant wavelengths and LPG periods for the first 53
cladding modes in standard SMF; (a) cladding modes 1-9, (b) cladding modes 10-19, (c)
cladding modes 20-30, (d) cladding modes 1-30 and 53. ........coocoiiiiiicicicceciee 140
5.34: Spectral response of a Bragg grating simulated for standard SMF showing using a tilt angle
of 0.4° and a core index increase of 0.00760706. ........ccciciiiiiiinmiiiic s 142
5.35: Spectral responses of LPG3 at zero axial strain but different values of temperature showing
cladding modes of second diffraction order and the peak 0 143
5.36: Spectral responses of LPG3 at zero axial strain and constant temperature, but different
values of SRI showing cladding modes of second diffraction order and the peak "LPoy: the
inset is the enlarged 965 to 10370 IEZION. ...vvvviviricviiieriiic e 145
5.37: (a) The geometric configuration of the four-point bending Jig. (a)=120 mm, b=20 mm,
bending depth h=0~8 mm, (b) Plots of bending curvature against bending depth calculated
from equations eqn. 5.14 and eqn. 5.15. oo 146
5.38: Spectral responses of LPG3 at different values of curvature showing cladding modes of
second diffraction order and the peak 'LPpy: the inset is the enlarged 910 to 1244nm region
with a spectral OffSet. .......cov e 148

5.39: Spectral responses of LPG3 at constant temperature but different values of axial strain
showing cladding modes of second diffraction order and the peak "LPg2: the inset is a plot
of the spectral positions of the peak 'LPgy; against the applied axial strain. .........cc.ccco...... 149
. 5.40: The geometric configuration and spectral response of the cascaded LPG device showing
two components with different responsivity regimes, separated by a doted line. ............... 153
. 5.41: The spectral response of 60 um -pitch LPG fabricated in SMM900 double-cladding fibre (a)
at 22°C (b) at different temperature Values. ..........cccocoiriirriccneiiiisis e 154

11



Table of figure captions

Fig. 5.42: The spectral responses of ~1.9cm long LPGs with 96, 98, 100, and 105 zm pitches

showing series of index-insensitive cladding modes with one broad peak in the Erbium-
doped fibre amplifier (EDFA) wavelength region............coeveeveveereeiieeeeecese e cenenees 155
Fig. 5.43: The spectral responses of the cascaded LPG device in air (solid) and water (dotted): the
gt shows the enlargéd 1450 -1 T00MMPCLION «..ovivvsisiisiimmsiiiimmusimmntn it 156
Fig. 5.44: The spectral responses of 108 ym pitch LPG in the SMMO900 double-cladding fibre under
SRIof 1.00, 1.33, 1.42 and 1.70: the inset is the enlarged 1264-1293nm region................ 157
Fig. 5.45: The temperature responses of the LPG-cascaded device in the wavelength region 1450-
1700nm: the inset shows a typical temperature response of an SFBG that performs similar
function. The SFBG was fabricated in a standard fibre using the point-by-point UV-scan on

the fibre, through a phase-mask, with a period of 400 £ . ......ccovvvviveniiverireicceceernee, 158
Fig. 5.46: Transmission spectra of the SFBG measured at 10°C and 60°C.........cccccoerrerrrerernrecnrnncne. 160
Fig. 5.47: Dependence of the wavelength shift on temperature for both the FBG resonance and LPG

resonance Of the SFBG. ......c.ciiiciiriiiiiiicccere ettt senas 161
Fig. 5.48: Transmission spectra of the SFBG measured at various SRI. Offset introduced for clarity.

............................................................................................................................................. 162
Fig. 5.49: The configuration of the four-point bending-jig used in Scheme L. .........cccovvvvecveccrrnnnnes 165
Fig. 5.50: The configuration of the curvature inducing metal plate..........c..ccoeeuernccncnnnrerecnnnnes 166

Fig. 5.50: (a) Spectral responses of SFBG1 at 0 u& at different curvatures showing the LPy; and FBG
components. (b) Spectral responses of SFBG1 at O y& under different curvatures showing
modes LPy; and LPy,. (c) Spectral responses of SFBG1 at 0 1& under different curvatures

showing modes FBG fe80NN0E PEAKE: w.commsussismmisiisinsioseisisiiissssiimimiisisiss 167
Fig. 5.52: (a) Spectral responses of SFBG at temperature of 22.8°C under different bending
curvatures. (b) Spectral splits in (a) plotted with respect to curvature .............c.ceceeverurnenens 169
Fig. 5.53: Spectral splitting of the LPg;, LPgs, LPys and LPy modes of SFBG1 plotted against
CULVANIIE s s miinsman s i s e s et 170
Fig. 5.54: Spectral responses of SFBG1 at 0 € & 22.8°C at different curvatures showing the LPys and
the FBG COMPONEINLS. ...veiietiieteieiieieet et et estee e e s raeasaeeae s saaesseessseemeesaeesseaeasnseseseansessneanns 171

Fig. 5.55: (a) Spectral responses of SFBGI at a curvature of 8.13 m™ at various temperatures; the inset
is a magnified spectral plot of the FBG components, (b) Spectral response of peaks of the

split mode plotted against tEMPETALUIE. ....vvvveviereeieieiitrtere e et rae s sesee st e sneeneensene 172
Fig. 5.56: Spectral responses of SFBG1 at different curvatures and various temperatures; the inset is a
magnified spectral plot of the FBG COMPONENtS.: ..c.iuiiiniasiniissmassiisiaiistssdsisisisais 173

Fig. 5.57: Spectral responses of SFBG3 at zero curvature under different applied axial strains from 0
to 7 x 10° e showing mode LPys and FBG components (b) Spectral locations of the Peaks

of the SFBO PIOtter Spaingt SUPATIN .« s sssmsmuomssisiss s ishesa i it sssseassimssssiiss 174
Fig. 5.58: (a) Spectral responses of SFBG3 at a curvature of 8.13m™ under different applied axial
strains, showing the split mode LPy and FBG components; the inset is a magnified spectral
plot of the FBG components, (b) Peak wavelengths of the split mode LPyg plotted against
AT ccicasiisss cuuiwss i oasi e s o ¥ B 4 S AR A S R HBA TS NN GBS SRR ST s 175
Fig.6.1: The experimentally obtained transmission spectra of fibre gratings (traces offset for clarity):
with and without UV pre-exposure, the inset is the response of the FBG pre-exposed with

TV L0t T OO EIURBEIOIN 5uuuc0aisconsanensvinanosucsons sxation s s iisn oo iad s b s RS S e RS RAUA 189
Fig. 6.2: The experimentally obtained transmission spectra of fibre gratings (traces offset for clarity):
with limited and without UV pre-eXposure .......c.cccvvvvevrveeriiissieminsmnsiescee s snenss 191
Fig. 6.3: Simulated spectra demonstrating cladding mode suppression, and the control of the effect of
BIAZED ATIIIE o oo it ooy o s G O S T o S D T T R Sy 192
Fig. 6.4: Simulated spectra demonstrating cladding mode suppression and the effect of large LPg,
BERIRIRL vt ot o R S RS A3 S s S PBA A A EOHEN S SR 193

Fig. 6.5: Simulation results for the effect of increase in core index in a fibre of large cladding radius
(n.,and n; are the respective core and cladding material indices. 7, and 7, are the

respective core and cladding radii, index modulation is 2.5x10™, the some spectra were
arbitrarily offset above OdB to enable cOmpParison. .........cccceueiiinniniiinciiecie e 195

12



Table of figure captions

Fig. 6.6: Simulation results for the effect of increase in the core radius (7,,, is the core radius, index

modulation is 3 X 10™), ngo =1.4488, iy =1.444 ...oooooooeeeeeeeeeeeeeeeeeee e, 196
Fig. 6.7: Simulated results for the increase in the cladding radius (7,; is the core radius, index
MOAUIATION TS 3X10™) cur ettt se e e e me s e s s s ee e seasseeennenne 198

Fig. 6.8: Variation of the resonance wavelength of transmission spectra of the tuneable filter at
temperature between 0°C and 80°C (a) The spectral variation caused by the change in
temperature, (b) plot of the spectral shift against temperature from 10°C to 40°C. The inset
is for temperature varying from 0°C t0 80°C .......ccoouiirireneeeee e sae e eeeaas 200

Fig. 6.9: (a) and (b) showing the temperature responses of the second diffraction order mode *LPy; of
an LPG inscribed in B/Ge co-doped fibre with a period of 421 z&m . (c) and (d) show the
temperature responses of the fundamental mode 'LPg of an LPG inscribed in B/Ge co-
doped fibre with a period of 204 L7 . ..o 202

Fig. 6.10: Temperature response of 2 modes of the LPG produced in standard SMF: (a) the plot of the
wavelength shifts against temperature for the second diffraction order mode *LPqg in the
wavelength region 960 to 1030nm, (b) for the fundamental mode "LPgg..........ccvvevrevenene. 203

Fig. 6.11: The spectral response of a standard fibre under various conditions.............cccecereruerreruennns 205

Fig. 6.12: (a) Non-H,-loaded (unexposed/un-annealed), (b) Non-H,-loaded (unexposed/annealed), (c)
Hs-loaded (unexposed/un-annealed), (d) H,-loaded (unexposed/annealed), (¢) H,-loaded
(exposed 25mm/un-annealed), (f) H,-loaded (exposed 25mm/annealed), (g) H,-loaded

(exposed 45mm/annealed), and (h) H,-loaded (exposed 45mm/un-annealed).................... 206
Fig. 6.13: (a) Non-H,-loaded (unexposed/un-annealed) (b) Non-H,-loaded (exposed/unannealed). .207
Pig 6.14; The flow-chart of Transvefsal fller....c...uuivisammnansmmninmpammmmm s 210
Fig. 6.15: experimental reflection spectrum of an SSFBG with an intrinsic-Gaussian-shaped envelope

............................................................................................................................................. 211
Fig. 6.16: Experimental arrangement for filter implementation ..........ccooceeiievinienireinecsissiisiecnena 212

Fig. 6.17: Simulated and measured microwave sub-carrier responses of an SSFBG-based transversal
filter, and a singlemode fibre: 'i' and 'iv' (dotted) are the simulated responses of SSFBG-
based filter of 11 taps with gaussian, and flat-top (equal weights) profile respectively, 'iii' is
the response measured experimentally for a filter of 11 taps based on SSFBG with the
profile shown in Fig. 6.15, 'ii' is the response of a 25-km long singlemode fibre. .............. 214

Fig. 6.18: Dispersion notches obtained by simulation in 100km length of dispersive fibre; the solid
trace is for the fibre with a dispersion of 15ps/nm-km, the dashed trace is for the type with

LT YORUTERIINY: 5w o e 55 SO VAR A A A R SRR SR A 216
Fig. 6.19: The spectral response of a dense-channel 50mm long SSFBG made with 4 samples and
7.5% duty ratio of the slow index modulation (a) simulation, (b) experiment.................... 218
Fig. 6.20: Optical experimental transmission spectra of two SSFBG with one exhibiting ~11dB and
thic QEREL = AB AR wyies s svsgasos ooty e e e e A B N ST b SR o S e e iR 219
Fig. 6.21: Experimental set-up for measuring the microwave sub-carrier response of: (a) individual
SSFBGs, (b) serially connected SSEBGS -....c.ccccerccessmmrrsirooraserarmessssracrsnssstsssssssssstasseesstsines 220
Fig. 6.22: Experimentally measured microwave sub-carrier frequency responses...........cccccceniuenas 221
Fig. 6.23: Simulated optical reflection spectrum of a 9 channel sinc-sampled FBG................c......... 223

Fig. 6.24: Reflection spectrum of an experimentally obtained dense channel sinc-sampled FBG......223

13



Table captions

List of table captions

I

Table: 4.1: The fabrication parameters for reference ............cvveeeeevievveiriccsecnecciecieeree s 03
Table 4.2: The list of apodisation functions .. : SR |
Table 4.3: Index modulations for Standard FBG Chlrped FBG Chlrped M01re FBG
Standard SFBG, and Sinc-Superstructured FBG .. SRR .
Table 5.1: Grating types and their description .............. e
Table 5.2: List of FBG-sensors, fibre used, and the fabncatlon method adopted ................. L5
Table 5.3: Temperature and strain coefficients for Bragg peaks left and right..................... 116
Table 5.4: LPGs in standard SMF and their fabrication details ...........cccocovicieiiiiiiicnine. 124
Table 5.5: List of parameters used for sSimulations ...........ccccoueevceecniiiiininiccnreceeenee 128
Table 5.6: LPGs in B/Ge co-doped fibre and their fabrication details ..........cc.coocceciiieinncne. 133
Table 5.7: List of parameters used for simulations ............ — 138
Table 5.8: A typical comparison of the temperature eoefflclents for loss peak LP[|5 and LPOZL
of LPG3 inscribed in a standard SMF... .. 149
Table 5.9: A typical comparison of the temperature coefflclents for SFBG and LPG -casc ade
Sensors. . .- 162
Table 5.10: Temperature and stram coefflclents for mldpomt of spllt bands and that of a
Bragg peak. .. . 176
Table 5.11: Temperature stram and curvature of a SFBG . 178
Table 6.1: Simulation parameters for the 8mm long FBGs in standard SMF ) |

14



Table of abbreviations

Table Abbreviations

Abbreviations Full words
AWG Arrayed Waveguide Grating

B/Ge Boron Germanium Co-doped

BBS Broadband Light Source

CFBG Chirped Fibre Bragg Grating
CMT Couple Mode Theory

CW Continuous-Wave

dB Decibels

DFB Distributed Feedback

DSC Dual Shaped Core

DSF Dispersion Shifted Fibre

DTP Dispersion Turning Point

DWDM Dense Wavelength Division Multiplex
EDFA Erbium-Doped Fibre Amplifier
ESG Electrical Strain Gauge

EMI Electromagnetic Interference

FBG Fibre Bragg Grating

FSR Free Spectral Range

GeO, Germanium silicate

H, Hydrogen

HE Hybrid-Electric

ISI Inter-Symbol Interference

LCA Lightwave Components Analyzer
LED Light Emitting Diode

LOS Line-of-Sight

LPG Long Period Gratings

NA Numerical Aperture

OH Hydroxyl

OSA Optical Spectrum Analyser

PM Phase Mask

ROF Radio On Fibre

Sinc-SFBG Sinc-Sampled Fibre Bragg Grating
SFBG Sampled Fibre Bragg Grating

SRI Surrounding Refractive Index
SSFBG SuperStructure Fibre Bragg Grating
T-Matrix Transfer Matrix

TIR Total Internal Reflection

TEM Transmission Electron Microscopy
TTD True Time Delays

UV Ultra Violet

WDM Wavelength Division Multiplex

15



Introduction

1 Introduction

The development of low loss optical fibre has revolutionised telecommunications making it
possible to provide high-capacity channel for transmission of high-quality data, images and
voices across continents. Today, information is being transmitted reliably at speed of up to 80
Gbits/s, often across continents. The rapid development of video-conferencing and the
Internet from 1992 to date meant that there is increasing demand for bandwidth. Fibre
gratings are devices that are in-built within the core of a fibre and can be written at desired
location -providing narrow-band wavelength selection. These gratings have many different
applications in the areas of high-capacity telecom signal transmission and processing, as well
as, optical sensing. The application areas include dispersion compensation, lasers, Dense
Wavelength Division Multiplexing (DWDM), filters, structural health monitoring, as well as

the measurement of chemical concentration, temperature, and many other parameters.

The gratings revolution started with Hill’s end-writing technique [1] but the rapid progress
commenced in 1989 after Meltz and co-workers introduced the technique of Fibre Bragg
Grating (FBG) UV-inscription by side-writing through the cladding. Since then, many
different types of gratings have been produced and several application areas have been
identified. Currently, there is increasing drive towards research into ways of creating new
types of gratings and to find new applications. Indeed with the recent “bursting of the telecom
bubble” optical research activity has been increasingly focusing on niche areas such as fibre
laser development, sensing in smart structures, civil, and aviation industries, temperature
monitoring in oil and electricity industries, in-fibre radio signal distribution in tunnels and
high-rise buildings, as well as instrumentations manufacture. The backbone of these niche
activities is the development and progress recorded in fibre and grating technology. Research
into ways of improving grating fabrication and applications is thus becoming increasingly
important and this thesis presents a large number of contributions to the effort in producing

new grating devices and the applications of such devices.

1.1 Arrangement of thesis

This thesis is concerned with the design, fabrication, and applications of fibre gratings in the
areas of sensing and optical communications. There are seven chapters in the thesis. This

chapter introduces the remaining parts of the thesis.
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Chapter 2 focuses mainly on the overview of grating technology and its driving force. The
history of fibre gratings is given and the techniques to side-write FBGs are described starting
from 1989. The main inscription techniques considered are the transverse holographic and the
phase mask types. A review of the other FBG-writing methods is also given followed by a
general literature survey on the fabrication and application areas of different types of fibre
grating device, including the Long Period Gratings (LPGs), and Sampled Fibre Bragg
Gratings (SFBGs). Photosensitivity in optical fibres determines the strength of the grating
that can be obtained. A number of methods to enhance photosensitivity have been proposed

by researchers and some of these methods are reviewed.

In Chapter 3, the characteristics of uniform-period FBGs, including their reflectivity,
transmitivity, sidelobe spectral positions, and line-width, are discussed. Coupled mode theory
is used for the grating analysis. Subsection 3.2.1 focuses on contra-directional coupling
which relates mainly to FBGs, and Subsection 3.2.2 focuses on co-directional coupling which
relates to LPGs; the equations for spectral responses of both FBGs and LPGs are presented in
the two respective subsections. The procedure for calculating the effective indices, starting
from the Sellmier and eigen-value equations, is given in Subsection 3.2.1.1. Whilst
Subsection 3.2.1.2 demonstrates a calculation of grating line-width, the modelling of FBGs
based on the use of Matrix transform is presented in Subsection 3.2.1.3: the modelling
technique employed is applicable to variety of Bragg gratings with the main distinguishing
factor being the index modulation. Typical Bragg gratings that are investigated include

uniform-period FBGs, apodised FBGs, chirped FBGs, and SFBGs.

Chapter 4 focuses on grating design and fabrication. First, the index modulations for various
types of uniform period gratings are shown in Section 4.2 with their corresponding spectral
responses. This is followed by a discussion on the spectral characteristics of such FBGs in
Section 4.3, where the effects of changing the coupling coefficient of FBGs are highlighted.
In Section 4.4, a discussion follows on the different experimental set-ups that can be used to
fabricate the short and the long period, as well as, the sampled gratings. In Section 4.5, the
discussion extends to the fabrication of specially designed FBGs, such as Apodised-,
Chirped-, Chirp-Moiré-, Sampled-, and Sinc-sampled- FBGs. In particular, Subsection 4.5.1
focuses on apodisation of FBGs where both simulation and experimental results are
presented. Subsections 4.5.2 and 4.5.3 discuss the fabrication of chirped, and chirped-moiré
FBGs respectively. Finally, Subsection 4.5.4 discusses the design and fabrication of
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specialised SFBGs, such as comb-filter and sinc-sampled types. The conclusion is drawn in

Subsection 4.5.5.

In Chapter 5 the applications of FBGs, LPGs, and SFBGs as sensors are discussed in Sections
5.2, 5.3 and 5.4 respectively. Subsection 5.2.1 describes the design and use of FBG-arrays to
measure arbitrarily distributed axial strain. The concept of high spatial resolution array is
described and the use of such arrays to measure arbitrary distributed strain is discussed. The
quasi-distributed strain sensor described in Subsection 5.2.1 does not have temperature
compensation or discrimination. To this end, many novel solutions are proposed and
demonstrated in Subsection 5.2.2, where different configurations of simultaneous temperature
and strain FBG-sensors are described. The detailed measurement results of these sensors are
presented in Subsection 5.2.2.2 and the effectiveness of these novel dual parameter FBG-

sensors is demonstrated in Subsection 5.2.2.3.

In Section 5.3, the sensing applications of some special types of LPG fabricated in different
types of fibre are discussed. The different sensitivities of LPG peaks to temperature are first
described using LPG sensing equations; both positive and negative temperature slopes are
identified and examined. Subsection 5.3.1 discusses the use of LPGs that display high
diffraction order cladding modes to measure multiple parameters. One of the LPGs having
both the fundamental- and second diffraction order -modes 50nm apart and demonstrating
different temperature responses, are used to measure strain and temperature simultaneously
and the result is described in Subsection 5.3.1.2. Further investigation in Subsection 5.3.1.3
focuses on LPGs with yet un-reported characteristics, which are demonstrated in both B/Ge
co-doped and standard fibres. To identify, understand and explain the behaviour of some of
these LPGs, a number of simulation exercises were carried out and some of the results
obtained are also described in the subsection. The use of one such special LPGs to measure
the combined effects of various parameters such as strain, curvature, refractive index and
temperature is discussed in the subsection. In Subsection 5.3.1.4, simultaneous measurement
of temperature and other parameters such as refractive index, bending curvature, and strain
using one of the special LPGs produced in a standard telecom or Single Mode Fibre (SMF) is
described.

In Subsection 5.3.2, the design, fabrication, and the use of LPGs fabricated in SMM900 3-

layer fibre with a number of potentials for dual-parameter sensing and gain-flattening
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applications are demonstrated. Subsection 5.3.2.1 provides the description of the fibre and the

LPGs produced within the fibre with small (<65 m) and larger (>90 tim) periods. The
cladding modes obtained in the LPGs with period >90 t#m are index-insensitive and are

demonstrated to appear at the Erbium-Doped Fibre Amplifier (EDFA) wavelength region
with potential for use in gain flattening. The LPGs with periods <65 tm , however, are highly

responsive to surrounding refractive index (SRI) and temperature. The use of a two cascaded
LPGs, written side-by-side with both large and small periods to simultaneously measure

refractive index and temperature in particular, is discussed in detail within Subsection 5.3.2.2.

In Section 5.4, the design and use of SFBG to simultaneously measure the combined effects
of temperature and various other parameters are described. In particular, the results of the
first demonstration of temperature and refractive index measurement using a single SFBG
device are demonstrated in Subsection 5.4.1. In Subsection 5.4.2, the novel applications of
SFBG to measure axial strain, temperature and curvature simultaneously are discussed.
Within the same subsection, the capability of an SFBG to measure both very large and very
small curvature values is also demonstrated. In Section 5.5, a conclusion is drawn from

Chapter 5.

Chapter 6 focuses mainly on fibre grating filters that can be used in optical communications.
The filters are grouped into FBG-based, LPG-based and SFBG-based filters and are
discussed in Sections 6.2, 6.3, and 6.4 respectively. Under the FBG-based filtering section,
the techniques to suppress the cladding mode coupling loss are presented. These techniques
include changing the fibre-core refractive index through UV pre- and post-exposure as well
as using fibres of different dimensions. Simulation and experimental results are presented to

support the analysis.

In Subsection 6.3.1, LPG-based filters are considered. Tuneable loss filters that provide
excellent temperature tuneability while operating in the 1500nm and 1300nm wavelength
regions are discussed in Subsections 6.3.1.1 and 6.3.1.2 respectively. It should be pointed out
that the tuning range of the loss filters presented can be limited by the appearance of
perturbation-independent loss peaks at 1245 and 1400nm wavelength regions which are
related to hydrogen and ultra-violet (UV)-induced hydroxyl (OH) ions respectively. These

peaks can distort the spectral response of LPGs that possess cladding modes that are
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spectrally located in either one or both regions. The peaks need to be eliminated or reduced
for effective performance of the loss filter. Thus it is of vital importance to study their
characteristics when written in both standard SMF and B/Ge fibres with a view to avoid or
eliminate them. To this end the properties of both SMF and B/Ge co-doped fibres have been
investigated and methods to eliminate or avoid these perturbation-independent peaks are

discussed in Subsection 6.3.2.

In Section 6.4, the microwave sub-carrier related applications of SFBGs operating in both
transmission and reflection are considered. Subsection 6.4.1 involves SFBGs operating in
reflection to give a transversal filter, and in Subsection 6.4.2, a compact microwave sub-
carrier bandpass filter that operates in transmission mode of the SFBG is discussed.
Subsection 6.4.1.1 describes the transversal filter principle. Subsections 6.4.1.2 and 6.4.1.3
describe the experimental implementation of the filter and the novel results obtained.
Subsection 6.4.1.4 provides a further analysis of the results by considering the distortion
caused by the dispersive device used to create a delay line. For the bandpass filter,
Subsections 6.4.2.1 and 6.4.2.2 present the design and experimental implementation
respectively. Subsection 6.4.3 discusses the use of SFBG as DWDM filter. The SFBG has
been demonstrated to achieve >22 channels for use in DWDM applications with potential use

for multiple-channel dispersion compensation.

Chapter 7 focuses on conclusion and further work. It highlights the key results achieved in
the areas of fabrication, sensing- and filtering-applications. Under fabrication, the sidelobe
rejection level achieved in apodisation, the spatial resolution attained in grating arrays, and
the different shapes of SFBG spectral response obtained are described. Under the sensing
applications, attention is drawn to the numerous dual, and multiple-parameter sensors
achieved based on FBGs, LPGs and SFBGs as well as the sensing performance. Finally, the
applications to telecom systems and devices focus on the results of the suppression of
coupling loss, tuneability of loss filters, microwave sub-carrier filter rejection-levels, and the

prospects of DWDM using sinc-SFBGs.
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2 Overview of fibre grating technology

2.1 Historical overview of fibre gratings

Total Internal Reflection (TIR), on which the transmission of light in an optical fibre
depends, has been known for decades. Despite this, the field of fibre optics did not expand
until the 1950s when a cladding layer was incorporated into previously unclad glass fibre

designs [2]. This revolutionised the field and led to the development of standard optical fibre.

The research into optical fibre as a telecommunications media was further strengthened by
the need for economical media with large information carrying capacity. With the discovery
of laser in the early 1960s its potential use as a coherent optical source was soon recognised
where preliminary work on optical communications was reported [2]. The laser propagation
through the atmosphere along with periodic focusing was suggested where experimental line-
of-sight (LOS) systems were demonstrated [2]. The obvious lack of reliability and adverse

weather conditions limited the use of the LOS-based technology.

In 1966, Kao and Hockham [3] proposed the use of optical fibre as a telecommunications
media where they theoretically demonstrated that dielectric waveguide with a circular cross-
section can support a family of Hom, Eom and hybrid HE,n, modes. In fact, the authors reported

an example of fibre-surface corrugations that are similar to gratings.

In geometric optics however, the possibility of using optical fibre for telecommunications
was illustrated by using the phenomena of TIR. At the time of Kao and Hockham’s work
optical fibre was still very lossy, typically ~600dB/km, which severely limited any practical
application of both the fibre and the grating [3]. In 1970, the situation changed dramatically
when Kapron et al [4], from Corning, managed to reduce this loss to ~20dB/km. The loss in
silica fibre was then reduced to ~7dB/km in 1972 [5], and in 1973, Bell Laboratories, in the
USA, achieved a loss reduction to ~2.5dB/km [6]. Researchers in the USA and Japan
succeeded in reducing the fibre loss to ~2dB/km in 1975 and later in 1976, the loss was
reduced to ~0.5dB/km in Japan [7]. By 1979 further advances in the fabrication technology

resulted in the loss being reduced to ~0.2 dB/km in the 1550nm wavelength region [8]. The
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availability of such a low loss fibre allowed the propagation of optical signals over large
distances and the reduction of loss down to 20dB/km led to continuous activities in optical

fibre communications and sensing.

Losses in optical fibre are wavelength dependent and the regions of major interest for optical

communications are marked A, B and C in the spectrum of Fig. 2.1. Regions A, B, and C are
located around 0.8um, 1.3 um and 1.55 um wavelengths respectively. The 1.55 um region
have the best loss figure, followed by the 1.3 um region. At 1.3 um, the material and
waveguide dispersions cancel out making the net dispersion zero. The 1.55 gm window has
the least loss, but currently there is a dispersion of ~17ps/nm-km for any light propagating in
a standard SMF at this wavelength. To minimise the effect of dispersion at 1550nm while
maintaining the best loss figure of 0.2dB/km a Dispersion Shifted Fibre (DSF) may be
employed [9]. The DSF is designed to shift the zero net-dispersion wavelengths to the
1500nm window. Also fibres that have large negative dispersion such as the Dispersion
Compensation Fibre (DCF) can also be used to compensate for the effect of dispersion in the

low loss 1500nm window.
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Fig. 2.1: Fibre loss as a function of wavelength showing high loss and low loss regions.

Another key advantage of 1.55 wm window is the discovery of the EDFA [10], which allows

light signal to be amplified. This advantage further promotes the use of this window for long-
haul optical transmission, because power losses incurred in the fibre can be compensated
through amplification. In addition, the ability to compensate for the dispersion effect at

1.55 um wavelength further increases the attractiveness of this window for optical

communications and sensing.
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Concurrent with the improvements in the loss characteristics of optical fibres in the three
transmission windows A, B, and C was the first fabrication of permanent in-fibre gratings in
germano-silicate fibre as periodic perturbations of the refractive index along the fibre length
by Hill et al [11,12] in 1978. They reported that intense Argon-ion laser radiation, at a
wavelength of 488nm or 514.5nm, was end-coupled into a germanium-doped fibre and after
duration of several minutes an increase in the intensity of the reflected light was observed.
With further Ultra-Violate (UV) light exposure the strength of the reflected beam grew until
almost all the light was reflected back from the fibre. By strain and temperature tuning of the
fibre, it was concluded that a narrowband Bragg grating had been produced along the 1m

length of the fibre.

The grating was believed to be formed by standing-wave interference pattern formed between
the counter propagating beams of laser light, with the backward travelling light occurring as a
result of a small (~ 4%) reflection from the far end of the fibre. The gratings formed using
this technique are called 'Hill gratings'. Unfortunately the applications for such gratings were
restricted to those requiring gratings at the writing-source wavelength. The method of end-
coupling of laser light into a fibre to produce Hill gratings, as well as the typical results that
may be obtained are shown in Fig. 2.2. Fig. 2.2(a) shows the enlarged fibre and the standing
wave pattern formed inside the fibre core, and Fig. 2.2(b) shows the typical spectral

responses of a grating.
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Fig. 2.2: The experimental method used by Hill and co-workers to produce a periodic modulation of the
refractive index of the fibre, induced by a standing-wave of UV light in the fibre core, (b) the
typical spectrum of light received at the two ends of fibre.
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2.2 Side-writing techniques

Although the phenomena of writing Hill gratings generated much academic attention at the
time, with the exception of small number of further studies, the subject was not extensively
pursued until Meltz et al [13] rekindled the interest by reporting in 1989 that gratings could
be written by two-beam holographic exposure through the side of the fibre using UV light
radiation. The side-writing through a UV-transparent cladding is one of the most important

developments in the area of fibre grating fabrication in the 1980s.

The experimental set-up for side-writing is depicted in Fig. 2.3. The enlarged part of the
figure shows the fibre, intersecting UV beams, and the index fringes in the fibre. The work
was followed on from that done by Lam and Garside in 1981 [14], who recognised that the
underlying effect for the fabrication of in-fibre filters was based on a permanent UV-induced
modification of the refractive index of the fibre core. Meltz and co-workers’ side-writing
method was found to be more efficient as a one-photon process rather than the two-photon
process, which Hill had earlier observed in the end coupling method. Meltz et al’s work [13]
served to experimentally confirmed this when they demonstrated the grating fabrication by
using two intersecting UV-beams of wavelength 244nm as shown in Figs. 2.3. Using this
interferometric arrangement, gratings were formed at a wavelength, which was dependent on
the period of the interference maxima, set by the angle between the two interfering beams,
and the wavelength of the UV radiation, rather than by the visible radiation launched into the
core of the fibre that allows the spectral responses to be recorded. The Bragg spectral

wavelength of the grating is defined by

py =t @.1)

sin @, +sin 6,

where A, is the wavelength of the writing laser, and @, and &, are the UV interference

angles as shown in Fig. 2.3 (€, + 6, =6 ). This method of using interfering UV beams to

write a grating through the side of the fibre is sometimes called the Transverse holographic

FBG inscription technique.
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Fig. 2.3: The Meliz et al's transverse holographic grating writing arrangement: showing the set-up, and the
enlarged section of fibre position relative to the interfering UV beams showing the periodic index
modulation of the fibre core.

Transverse holographic technique of writing gratings demonstrated in Fig. 2.3 becomes
possible because the fibre cladding is relatively transparent to UV light whereas the core is
highly absorbing. The Meltz et al's fabrication arrangement proved to be flexible and is still

in-use today, despite the fact that the grating writing techniques are now much more efficient.

This holographic fabrication technique was later extended by Kashyap et al [15] to allow the
fabrication of gratings at wavelengths of ~1550nm, a region which as described earlier and
shown in Fig. 2.1 is an important (low-loss) spectral region for optical communications and
sensing. Despite the significant impact of the Hill's standing-wave- and Meltz's holographic-
techniques of writing gratings, few prism-based interferometric methods have been proposed
[16,17]. These prism-based methods offer the advantages of simplicity and stability, but

sacrifice the control of flexibility that is offered by the holographic method.

Despite the capability of transverse holographic fabrication technique to produce high
performance gratings with Bragg wavelength that is arbitrarily selectable with change of the
angle between the interfering beams the popularity of this method and the other methods
mentioned above diminished when Hill er al [18] in 1993 introduced the phase mask
technique of fabricating Bragg gratings]. The phase mask technique generated a great deal of
interest because it simplified the grating manufacturing process and had the capability to

reproduce high performance devices unmatched by the other techniques of fabrication. It is

Features of phase mask and its application will be described in the next chapter.
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this phase mask technique that has attracted commercial interest around the world and
stimulated the establishment of companies fabricating both gratings and phase masks. Today
the fabrication of fibre gratings has been very much refined. The quality of gratings is now
such that they are being employed in many real systems, and they compete with other

photonics technologies.

For applications, FBGs have been proposed for measuring a variety of parameters and are
used in many diverse applications, such as the measurement of strain [19], temperature [19],
chemical concentration [20,21], wavelength [22], vibration [23,24], acceleration [25,26],
ultrasonic field [27], pressure [28,29,30], electric current [31,32], human heart beat [33], and
curvature, [34]. But the first Bragg grating sensors to be demonstrated were temperature and

strain sensors [19].

Majority of the Bragg grating sensors functioned because the measurand induces a change in
the Bragg wavelength. For example, in the case of strain sensors, a tensile strain results in a
shift of the grating spectral peak to longer wavelengths and a compressive strain results in a

shift to shorter wavelength.

The most common use of grating sensors is for point sensors, where an average value of the
measurand along the short grating length is obtained. Gratings can be used to make quasi-
distributed measurements, for example, by deploying an array of gratings of different
wavelengths along the length of fibre [35,36]. Distributed sensing is now used commercially
in many applications, a typical example is the measurement of strain in structures such as
Aircraft wings, pipes, bridges, high-rise buildings, etc, where the gratings can be either

embedded when the structure is made [37] or attached through secondary bonding.

One of the main issues concerning the use of Bragg gratings is that of isolating, the effect on
the grating, of parameters which are not being measured. For example, it is difficult to
distinguish between strain and temperature information when both are to be evaluated from a
single wavelength shift. In majority of the sensing work reported in Chapter 4 different
techniques have been adopted to address such a problem. In addition, many papers have been
presented concerning the discrimination between strain and temperature effects measured by
Bragg gratings [38,39,40,41]. Other areas where there is reasonable concern regarding the

use of germano-silicate fibre grating sensors are in hazardous environments, such as, in the
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presence of gamma rays. Gamma rays are known to introduce excess losses in GeO, fibre,
hence Nitrogen doped fibre are used to address the problem [42]. Nitrogen-doped fibres have
been shown to exhibit high resistance to gamma ray-induced losses. Areas of further concern
include measurements at cryogenic temperatures where linearity of the gratings begins to

deteriorate [43].

Bragg gratings are now routinely used in fibre lasers and have been demonstrated in many
rare earth doped fibres, including Erbium fibres [44,45]. They are used for making fibre
lasers. FBGs provide high wavelength selectivity and partially reflecting mirrors that are
required in fibre lasers, and FBGs can be embedded easily [46]. FBGs are ideally suited for
fibre lasers because, in many cases, the gratings can be fabricated directly in the active region
of the fibre. Indeed, FBGs can also be positioned at the boundaries of the active region to
serve as Bragg reflectors. If an FBG is produced in the active region, light signal passing
through will suffer both forward and backward reflection at different points in the grating,
these reflections occur at regular distances and take place continuously throughout the length
of the grating, and these reflections add-up in phase ensuring high frequency selectivity
leading to a distributed feedback (DFB) laser.

By compression tuning of the FBG fabricated within the active region of the Erbium-doped
fibre a tuneable DFB laser can be achieved [47]. Grating-based DFB lasers are easy to
produce, are fibre-inherent and thus do not suffer from compatibility problem, and produces
high output power leading to high signal-to-noise ratio. An additional advantage of grating-
based laser stems from their low thermal responsivity in comparison to their semiconductor
counterpart. In optical communication systems there is requirement for narrow line-width of
the grating. Therefore, longer FBG can be produced to meet this requirement. Other areas of
optical communications where FBGs can be used include wavelength division multiplexing

(WDM), add/drop filters, EDFA equalization and dispersion compensation.

Kashyap et al. [48] in 1993 was the first to report on the potentials of FBGs for gain
equalization. Currently, Bragg grating-based gain equalizers have gained so much
commercial interests. Indeed standard uniform period and slanted FBGs, and many long
period gratings (LPGs) are currently used for EDFA gain equalization [10]. Bragg gratings
can be used to flatten the gain of EDFA when arranged in both reflection [49,50] and
transmission [50]. Because of their spectral width, Chirped Fibre Bragg Gratings (CFBGs)
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are the most widely used types of FBG for gain equalization. However, gain equalizers based
on CFBGs can exhibit group delay ripples, which can affect the transmission performances.
Those ripples are due to reflections occurring at the edges of and along the gratings [51] and

their characteristics have been analysed by Chotard et al. [52].

In WDM systems, add/drop filter nodes are required to select the individual channels or to
insert or drop off a signal on a particular channel. There are many different FBG
configurations used to achieve this, which include FBGs written in Mach-Zehnder
interferometers [53] and in fused couplers [54]. Some of these FBG-based techniques have
the advantage of offering low insertion losses for the added channels, and very high isolation

for the dropped channels.

In standard SMF there are a number of mechanisms that causes group delay distortion to an
optical pulse propagating within it. Two of the mechanisms that contribute to delay distortion
are Material (chromatic) dispersion and Waveguide dispersion. Waveguide dispersion is
negligible in a standard SMF, leaving the chromatic dispersion to be the dominant factor. For
this SMF, the effects of the Material and Waveguide dispersion cancelled-out at ~1300nm
[55].

CFBGs are dispersive devices that can be used for chromatic dispersion compensation,
dispersion slope compensation [56], and broad bandwidth applications. The CFBG-based
dispersion compensators were earlier proposed in [57] and the experimental demonstrations
followed [58,59]. They operate on the basis of inducing differential reflective delay for
different spectral components. To achieve a CFBG, either the period of the refractive index
modulation or indeed the core-index may be varied with the grating length. The use of CFBG
in both transmission [60] and reflection [61] as dispersion compensators has also been

demonstrated.

The grating dispersion” can be represented by,

_2n,L 2.2)
AL

? Grating dispersion will be further described in Section 4.5.2
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Where n,y is the effective index of the fibre core, L is the grating length, and 44 is the total
grating bandwidth.

It has now become a common practice not only to produce CFBGs for dispersion
compensation but also to design the gratings with minimal time-delay ripples [62].
Furthermore, because the chirp is a function of CFBG length, there is increasing drive
towards the production of long length CFBGs for dispersion compensation. To this end, high
quality dispersion compensators using gratings up to l-metre in length have been

demonstrated [63].

Radio On Fibre (ROF) system is another type of grating application that was first proposed
and demonstrated by A.J. Cooper [64] with a view to addressing the weak RF signal within
buildings, underground tunnels, shopping malls, etc. Today, ROF systems are increasingly

gaining popularity and many companies have been formed to provide such services.

FBGs have been used to implement various types of microwave sub-carrier filters that are
used to implement ROF systems. In addition, WDM filters based on FBGs are also shown to
enhance distribution capacity of ROF systems [65, 66]. In Chapter 6, microwave sub-carrier
filters for use in ROF systems are further discussed and novel implementations are

investigated.

In addition to conventional in-core FBGs, two additional categories of in-core fibre gratings
are studied during this research. These grating are the LPGs and the SFBGs. Whilst the LPG
is produced with grating periods larger than that of FBGs, the SFBGs contains both long as

well as short periods.

LPGs are currently being produced using continuous-wave (CW) frequency-doubled argon
lasers at 244nm, and the pulsed lasers at 157nm or 193nm. However, LPGs fabricated using
femtosecond laser pulses have been shown to be stable at temperatures up to 500°C [67],
which is often not the case for the ones produced using CW argon lasers. Also, CO; pulsed
laser has been shown to produce 480um-period LPGs through periodic point-by-point
exposure with the grating exhibiting high temperature stability [68]. Electric arc has been

demonstrated for LPG fabrication and such LPGs have been shown to operate at temperatures
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of up to 800°C [69]. Here, the electrodes of a fusion-splicer are used, exposing to the arc, a
region of fibre with a length of the order of 100 ym, limiting the minimum period of LPG
that may be fabricated. Chemical etching of the cladding has also been shown to produce
LPG corrugations [70].

Whilst LPGs can be designed to have attenuation bands at specific spectral locations, the
positioning is often imprecise. A number of methods to fine-tune the spectral positions of the
bands exist and a type of post-fabrication tuning of LPG’s transmission spectrum has been
achieved by reducing the fibre diameter through etching of the cladding [71,72]. The
effective indices of the cladding modes are dependent on the thickness, and the refractive
index of the cladding layer. The reduction in cladding diameter thus alters the values of the
effective indices of these cladding modes resulting in a shift of the modes to the longer

wavelengths.

To produce LPGs with high temperature responsivity or to create LPG-based loss filters that
are widely tuneable, a number of techniques have been reported, including the use of fibres of
different core-composition [73] and multiple geometries layers [74], as well as the use of
polymer coatings around the device [75]. Another technique for enhancing the temperature
responsivity is based on surrounding the LPG with a material of large thermo-optic
coefficient, resulting in the LPG responding to both the changes to temperature and the

temperature-induced SRI change.

Furthermore, a tuneable loss filter has been demonstrated using LPGs coated initially with
15nm thick titanium, followed by a second-layer coating of 300nm thick copper [32] or
platinum [76]. Passing controlled-electric current into a heat-dissipating resistive-coating led
to the control of the tuneable loss wavelength of the grating. The deposition of the initial
titanium layer serves to enhance adhesion, but was found to introduce a slight wavelength
shift and also a reduction in cladding mode-coupling loss. The copper-coated LPG exhibited
a 4nm wavelength shift for electrical power of 0.5W [32], while the platinum-coated LPG
offered 11nm shift for 0.67W.

Whilst both LPG-based temperature-sensor and tuneable loss filters require cladding modes
of highest responsivity, other applications such as gain flattening require the exact opposite,

i.e., they require LPG modes to have the lowest possible temperature responsivity. The
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responsivity can be very critical since a slight shift of the LPG modes can lead to a significant
fluctuation in the flattened gain spectrum. To reduce LPG temperature responsivity, a number
of approaches have been demonstrated including the recoating of the LPG with a material
having a negative thermo-optic coefficient. A method involving the mounting of an LPG on a
bend-inducing material been shown to permit the temperature responsivity to be reduced to
0.07nm/100°C [77]. The bending is normally induced through the expansion/compression of
the material with temperature increase/decrease respectively. The bending-induced shift of

the cladding mode is almost equal and opposite that induced by temperature.

Further solutions to the responsivity problem have been proposed, based on suitable fibre
design or fibre composition, to reduce this temperature responsivity. Judkins et al. [78]
proposed to tailor the fibre refractive index profile to carefully balance these responsivity
effects. Wavelength temperature dependence of LPGs realized in such a fibre, was reported
to be ~-4.5 pm/’C.

Further applications of LPG focused on the measurement of transverse load [79]. This
applied transverse load induces linear birefringence in the optical fibre, with the result that
each attenuation band is split into two, and the wavelength separation of the emerging bands
has been shown to increase with applied load. Bending has also indicated similar band-
splitting characteristics. In particular, the splitting of the LPG attenuation bands has been

observed in B\Ge co-doped photosensitive fibre that is subjected to bending [34].

LPGs are not only responsive to strain and temperature [73] or bending [34] but also to the
refractive index of the surrounding medium. This responsivity arises from the dependence of
the effective refractive indices of the cladding modes on the index of the medium surrounding
the cladding. The highest responsivity of LPG is shown by the higher resonance order
cladding modes, and for index measurement the highest responsivity occurs at refractive

indices approaching that of the cladding [80].
SFBG is another type of grating that is produced to offer the advantages of both FBGs and

LPGs at the same time [81]. Applications of SFBG have been demonstrated in the areas of

sensing [81] and telecommunications [82].
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2.3 Photosensitivity

The fibre photosensitivity is a measure of the degree of change in the properties of fibre when
induced with UV light. The photosensitivity generally manifests itself in the form of light-
induced refractive index changes in the fibre core, hence producing an FBG. Photosensitivity
of germano-silicate fibres was first reported in 1978 by Hill et al [11]. Using UV light from
Argon ion laser with a wavelength of 488nm they observed that reflectivity of light coupled
into the fibre under certain condition increased with time. Lam and Garside [14], after a
detailed study, reported that it is more efficient to use UV light with half of the wavelength —

that is, at 244nm to induce a grating.

Various means are now adopted to increase the level of fibre photosensitivity including the
increased concentration of germanium in the core [83], post fibre-fabrication
photosensitization, using processes such as loading with high pressure hydrogen (H,) at both
low [84] and high [85] temperatures, exposure to high-intensity ArF laser light [86],

inducement of axial strain [87], and the co-doping using suitable elements [88]

The processes involved in refractive index change within fibre core are still not fully
understood. Initially this photosensitive effect was thought to be limited to germano-silicate
fibres. The phenomenon is not restricted to germanium-doped silica materials because several
other dopants in silica fibre result in photosensitive effects. Materials such as As;Ss, Ce™,
Eu’*:AlL,O5, B/GeO,, and AL,O; doped with B,Os, have all demonstrated some degree of
photosensitivity [89].

There is no agreed theory that models the process of photosensitivity in optical fibres. This
subsequently led to the proposal of two main theories on the photosensitivity of optical fibres;
the colour-centre model [90], and the glass densification model [91]. Both models were based
on the photo-ionisation of GeO defects. In particular, Hand and Russell [90] connects the
induced refractive index change to the photo-ionisation of GeO defect, which is associated
with an absorption band at 242nm. They suggest that UV light incident on the glass photo-
ionises some defects, this creates a GeE’ centre ensuing the entrapment of released electron
into the site. When a fibre is illuminated with UV light many such absorptions take place at
different defect sites leading to changes in the refractive index as expressed by Kramers-

Kronig relation [90,92,93].
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Transmission Electron Microscopy (TEM)-based evidence of glass densification induced by
the grating-inscription in germano-silicate fibre was reported by Cordier [94]. However, it
was Bernardin and Lawandy [91] who suggested that the densification is due to the collapse
of the high-order ring structure into the one that comprise 2-3 rings. Nevertheless, this

mechanism has not been reported in photosensitive fibres.

The colour-centre model suggests that because electrons released from bleachable defects are
free to move through the glass and can be re-trapped at other defects sites, they can lead to
the formation of new defects which are more polarizable than the bleachable defects [90].
The refractive index change, which is associated with photosensitivity, is linked to the level
of absorption in the processes. An argument in support of the colour-centre theory was
presented by Atkins et al [95], who used thermal reversibility of the grating inscription

process to make a case for the model.

2.4 Conclusion

A general overview of the fibre grating technology has been presented in this chapter. In the
later chapters a more focused but brief review is presented prior to discussion on individual

topics.

The review in this chapter started with the development of low loss fibre, followed by a
discussion on the fabrication of the early gratings, the Hill gratings, the side-written Bragg

gratings, the phase mask techniques, and alternatives.

Further discussion focused on the various types of FBGs, their fabrication, optimisation,
photosensitivity, and gratings-application in the areas of sensing and telecommunications.
Other types of gratings such as the LPGs and the SFBGs are discussed. The literature in the
area has been briefly appraised in both production and applications. The literature surveyed is
intended to bring about focus on the areas of both design and application. It should be pointed
out that the literature survey is by no means exhaustive considering the fact that fabrication,
optimisation, applications and interrogation of fibre gratings are vast areas and cannot be
fully covered in a single thesis. It is hoped that the literature discussed will prepare the reader

on what to expect in the later chapters of this thesis.
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3 Fibre grating properties

3.1 Introduction

The characteristics of uniform-period FBGs such as their reflectivity, transmitivity, sidelobe
spectral positions, and linewidth are discussed in Section 3.2.1 of this chapter. Coupled mode
theory is used for the grating analysis. Modelling of Bragg gratings based on the use of
Matrix transform is also presented. The modelling technique employed is applicable to a
variety of Bragg gratings that are mainly distinguished by their index modulation. Typical
Bragg gratings that are investigated include uniform-period FBGs, apodised FBGs, chirped
FBGs and SFBGs. In Section 3.2.2 the coupling characteristics of LPGs are discussed.

The reader should note that the theoretical work presented in this thesis has been extracted
from the published literature, and where necessary a reference to such literature is given.
There is no claim to the originally in respect of any of the equations or theory used and the

theory is only used to support the analysis presented in the thesis.
3.2 Coupled mode theory

When light is coupled into a standard optical fibre a single guided mode is transmitted from
one end of the fibre to the other through the core. This condition remains unless the
normalised frequency value for a single-mode condition is exceeded® or the fibre properties
are changed. By inscribing a fibre grating within the core, light will be coupled from the
guided mode to either a counter-propagating mode within the core (in the case of FBG), or to
the co-directional modes within the cladding (in the case of LPG). Coupled mode theory
(CMT) provides a description of the interaction between the guided light waves and the
grating within the fibre. It is a widely used modelling tool for fibre gratings [96,97]. With the
transform matrix [98] CMT can provide a technique for modelling the response of long and
complex structure gratings. Other modelling techniques include the integration of the Ricatti

differential equation [99] and inverse Fourier transform [100].

3 To maintained single mode condition the normalized frequency cutoff “V” in a single mode fibre should not
exceed 2.405. Eqn. (3.12) defines the normalized frequency.
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CMT assumed a distributed feedback structure [101,102]. Also, the contributions of
longitudinal coupling are generally ignored by CMT because they are 1-2 orders of
magnitude smaller than the transverse field components [103]. Furthermore CMT considers
period sampling whilst ignoring the non-uniformity effects such as birefringence, phase shifts
and chirps. The CMT assumed normal incidence at the input end and also ignores the effects
of reflections at the boundaries [105]. All theses assumptions need to be taken into account

when analysing the CMT-based simulation results of grating characteristics.

3.2.1 Coupled mode equations for contra-directional coupling:
The FBG

A FBG couples a forward propagating core-mode to a backward propagating core-mode. It is
a band-rejection filter, passing all wavelengths that are not in resonance with the grating and
reflecting wavelengths that satisfies the Bragg condition. A typical uniform period FBG
structure is shown in Fig. 3.1. The interactions of light with the index modulations of the
grating and spectral response of the grating is shown with input, transmitted, and reflected

components.

Reflection

Transmission

Fig. 3.1: Uniform period FBG and its responses, )uB is the Bragg Wavelength
Coupling occurs in FBGs between counter-propagating modes and also between co-
propagating modes (if the FBG is of very high reflectivity). Coupling between co-

propagating modes leads to short wavelength loss in FBGs, as energy is coupled from the
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core mode to the cladding modes, at wavelengths shorter than that of the main grating peak.
Coupling between counter-propagating modes occurs between two core modes, and results in
the reflection of light at the Bragg wavelength. The propagation of the two counter-
propagating core modes in a perturbed fibre (say with FBG) can be represented by

electromagnetic coupled mode equations given by

Mm (Z) — jKO —;"Sﬂlcho(Z) (31)
dz
dB;; (z) _

= ke AN(D)

where A;/(z) and By (z) represent the forward and the backward propagating core modes
respectively. Ko(z) is the coupling coefficient, which is a slowly varying function with

respect to variable z, expressed as
nin ”
Ko(z) :‘_—(E_)Cdl (3-2)

Where C§{ represents the core mode overlap factor, J,,(z) is local detuning from the Bragg

resonance expressed as [104]

a1 1 2mng; (3.3)
=" e AN
80 (2) =Por - A() m”‘[?» ko(z)} X" @)

Where for weakly guiding fibre /3 is the propagation constant for the core mode LF,, AA
is the wavelength detuning, AL =X -2, (z). A,(z) is the Bragg resonance of sub-grating and

expressed as [105, 106,107].
A0(2) =214 (2)A(2) (3.4)
By expressing the electric field of the propagating light in the form
E(z) = [A* (Z)e—jémiz:z]ejﬁafz £ [A‘ (Z)e.f&u.(:)z]e—fﬁ;?z (3.5)

Where, A*(z) and A (z) are the amplitudes of the forward and the backward propagating

core modes with relative phase, then
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Ay (2) = A (g)e = -
BZ(z) = A (z)e/% "

Substituting eqn. (3.6) into eqn. (3.1), followed by differentiation and re-arrangement, eqn.
(3.1) has been shown in [105,108] to lead to

%‘Q @ -r @ @ (3.7
d jZ(Z) [501 (2) - K, (Z)]A (2)

Suppose the FBG is broken into sections and the index modulation period in each section
(sub-grating) is assumed to be uniform (with J,and x|, constant). Using boundary condition
A*(-L/2)=1 and A™(L/2)=0, on eqn. (3.7) and solving eqn. (3.7) directly, the forward

and backward propagation amplitudes along the sub-grating length is obtained as eqn. (3.7)
[104,105,106,107].

A (D) = S cosh[S(z = L/2)]+ j&, sinh[S(z— L/2)] S GLI (3.8)
S cosh(SL) — jAS sinh(SL)
A (2) = - jK, sinh[S(z - L/2)] G

S cosh(SL) — jo, sinh(SL)

. S (3.82)
) S cosh(SL, ) - j§, sinh(SL,)
()= jK, sinh(SL,)

~ Scosh(SL,) - j§, sinh(SL, )

A" (zj2 and

The strength varying behaviour of the forward and backward amplitudes,

IA_ (zj2 along the fibre axis is shown in Fig. 3.2.
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A'(z)?

At(z)?

4

A(2)?

A2

A

Z:-—-—I—' Z
2

|t

Fig. 3.2: The Index perturbation inside the fibre causes coupling between forward (A*) and
backward (A") propagating modes.

The variation in intensities of the modes during propagation through the fibre appears to be
al
dz

length. Both the Riccati analysis [109,110] and the analytical expression approaches have

A+(Zf —|A‘(zf]50, which shows that the energy is conserved along the grating

been shown to yield the FBG amplitude reflectance as [106,112]

_ jK, tanh(SL) (3.9)
ridle S — j&, tanh(SL)

il

p(-L12)

Where, r(/l) describes the amplitude reflectance of the entire grating. At Bragg resonance

wavelength, 8, =0 and g = K, = Efﬂcgf , eqn. (3.9) reduces to the power reflectance,
0

[r(2 )" = tanh?(CirmanL 1 ) (3.10)
Where, C;; is overlapping factor for the core mode LF;’, An is half of the index

modulation depth, A is the grating resonance wavelength and L is the grating length.

Here, when mode fields interact coupling from one mode to the other modes results, and the
extent of the overlap is determined by the mode field distribution. For a weakly guiding fibre,
the eigen value equation governing this interaction for the guided core mode and cladding

modes is given as [111].
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) Kb) (3.11)
“IJ:+1(“;) Wle(WI

Where, u' and w' ( i=co, cl) are propagation parameters for core and cladding modes,
respectively and (z,t")2 + (w")2 = (Vf)z. i (u" ), K, (w") are [-order Bessel functions and l-order

modified Hankel function, V' is normalized propagation frequency, defined as

oo zmco 2 2
v :T,/nco ~ g, (3.12)

le - mﬂl 2 i
] cly R
oy _ e, 2 2
2 ncir_. ~ Nsurr

Where, n,,, n, n, and n,, are the material indices of fibre core, inner cladding, outer

surr

cladding and the layer surrounding the outer cladding, respectively. V “’is the normalized

frequency of the fibre core, also written as

VCO=2—7ZT€Q- n.?—n 2=2ﬂ:’-‘7"-}\’A

Fl co cl 1 (3.13)

Where, r,, and r,are the respective core and cladding the radii of the fibre, V“is the

normalized frequency of the fibre cladding and NA is the Numerical Aperture. The core

mode overlap factor is given by [112]

1
vy (3.14)

Clearly, the value of Cg (and hence the grating reflectivity ‘r(ﬂ.o)) can be changed by

Cy =1~

altering either the core radius or the index difference between the core and cladding
materials. The eigen value equation (i.e. eqn. 3.11) assumed that modes are far from cut-off

and the index difference between core and cladding is very small [113].

3.2.1.1 Material and effective mode index

For pure silica glass the material index n, is approximated by the Sellmier equation [111]
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it — (3.15)

where, A, is the resonance wavelength, A, represent the amplitudes of the coefficient and

(i=co, cl). This equation allows for evaluating material refractive index, by taking dispersion
into account.

For the [-order mode, eqn. (3.11) has roots ufp (p=1,2,3,...), and every root corresponds to
the mode LP, . But,

af, J + 0w, J = () (3.16)
In single mode fibre, eqn. (3.11) has only one root u, , corresponding to the fundamental

core mode LF,/.

The monomode fibres that are currently in use today can be approximated to have weakly
guiding step-index profiles; the geometric-optics approximation to the eigen-value equation

can then have the following form [111]

2 W Y12 (3.17)
ZW -2l arccos[uL‘,] o [p - %)2% =2 arccos _L{’I_z‘__

Ip

where i=co, cl describes core mode and cladding modes. For LF, core mode (I=0, p=1),

eqn. (3.17) reduces to [104]
Ug, = arccos Yoo |4 L 7 \3:18)
|74 4

Using the geometric optics approximation, the roots for the eigen-value equation u,‘p (for

i=co, cl) are derived from eigen-value eqn. (3.17) and the effective mode index ,nfp (), for

LP, modes is calculated using [111]

(3.19)
27

i i 2 Au?ﬂ I
nfp (ﬁ') =5 [”‘ (/T')]- il R

Where, i = co,cl for the fibre core and cladding modes, respectively.
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It should be stressed that eqn. (3.17) is very important in explaining the modal behaviour in
optical fibres. The roots of this equation allows for the calculation of the effective refractive
indices of the various modes. Once the effective refractive indices are calculated, various
fibre modes can then be identified and the accuracy of such identification process is
dependant of the approximations in the CMT. To identify a particular LPG cladding mode,
dispersion curves are plotted and such curves do provide a well-reported and indeed generally
accepted tool to guide users to identify modal position. It should be stressed that the curves

provide only a guide, rather than accurate tool, for mode identification.

3.2.1.2 Grating sidelobes and linewidth

With the increase of the wavelength detuning iAhl , K,' =0, decreases rapidly to zero and

Kﬂ2 —502 <0, then effective detuning S goes to its imaginary region. In this case the new

effective detuning W is define by

S=j\8, -k, =jw (3.20)

using identities sinh(jWL)=jsin(WL), cosh(jWL)=cos(WL), into eqn. (3.8a) leads to

W (3.21)
t(A)=
) JjW cos(WL, )+ &, sin(WL,)
()= - K, sin(WL,)
‘ JjW cos(WL, )+ &, sin(WL,)

Power reflectivity is therefore

x,’ sinh*(SL) (K 5§ 0) (3.22)
S?cosh®(SL)+8, sinh*(sL) ‘"
K, sin’(WL)

W2 cos*(WL) + 8, sin*(WL)

O =

By plotting eqn. (3.22), the FBG reflection spectrum with clear sidelobes can be obtained.

Fig. 4.2 in Section 4.3 will illustrate the typical spectral response that can be obtained.

The positions where WL = N7z (N = 1, 2, 3,...) indicate the spectral points of zero reflectivity
on the longer wavelength side, and for (N = -1, -2,...) shows the zero reflectivity points on

the shorter wavelength side of the Bragg peak.
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The wavelength with of reflection is given as [106]

2

A S
v = 2 L

(kL) +(N7z)* (3.23)

The wavelength spacing between two symmetric zero points is obtained as

My, =22 G} + (N7 (3.24)

Where for convenience, ng, is normally used as an approximation of n . n,, is the effective

index of the core.

For a strong grating, the spectral edges are steep slopes (i.e. vertically sharp) and the Full

Width at Half Maximum (FWHM) is almost A%, _,, FWHM = L (kL)' +7* . However,
eff

for a weaker grating, the spectral changes between the Bragg resonance and the first zero-

reflection looks like a linear slope rather than steep vertical edge, thus FWHM = A4, | /2.

For the general case [114]

FWHM = u Ay () + 7 (3.25)
eff

Where, 0.5 < i <1 describes the grating strength. ¢ =0.5 for weaker grating while y =1 for

stronger gating. Clearly, longer grating length or weaker grating strength results into narrow

linewidth.

3.2.1.3 Grating simulation using T-Matrix

T-matrix [115] is a well reported technique used to simulate fibre gratings, it is used, in this
thesis, for simulation of Bragg gratings through which the grating characteristics can be
analysed. Both the author built codes and Optiwave™ IFO that are used in this thesis employ
CMT and T-matrix to evaluate grating characteristics. The OptiwaveTM IFO is a black-box
software that is said to rely on CMT and the T-matrix algorithm it therefore inherits all the

limitations of both CMT and T-matrix [116].
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The coupling coefficientx (z)can change with the grating length for non-uniform FBG
structures [98]. For the purpose of simulation, the FBG can be viewed as a series of short
length sections (called “finite elements” or sub-gratings). The length of each sub-grating is
sufficiently short such that it can be viewed as a uniform structure. To calculate the spectral
response of the whole grating structure with arbitrary boundary condition between the sub-
gratings, the amplitudes of transmission, and reflection of the entire grating structure are

obtained from eqn. (3.7) and written as [104,105]
- B
A* (z)]_ M, A"(zo) (3.26)
A™(z) A (zo)
Where, z;_| < z<z;,z indicates the location of the centre of the sub-grating G; within the
overall grating structure (i =1,2,...N)and N is the number of sub-gratings or the sections of

the grating. M, is a matrix describing the sub-grating and expressed as [105,112]

=V ) (3.27)
—rlt 11,

Where, the transmissivity (t;) and reflectivity (r;) are [106,112]

S
()= (3.28)
10 S cosh(SL, ) - j§, sinh(SL, )
_ ji, sinh(SL,)
S cosh(SL, ) - j8, sinh(SL, )

If L is the length of the entire grating, L; = L/ N 1is the length between the two sub-grating

boundaries.

In general case of non-uniform grating, the average index, grating period, and the coupling
strength are slowly varying along the grating axis. The Bragg resonance is therefore a
function of the variable z; the middle point of a finite sub-grating element that is short
enough to be regarded as uniform structure. For a linearly chirped FBG, the Bragg

wavelength of the i-th sub-grating G; is
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Az)=4 +EL='~A/1 (3.29)

where —L/2<z, <L/2, A, is the central wavelength of the chirped grating and AA

represent the chirp. The centre position of the grating G, is given by

Z = = +£[i—l] (i=123..,N) (3.30)
2 N\ 2

In this case, the simulation is based on solving eqn. (3.7) numerically. Alternatively, based on
differentiation theory, any complex grating can be differentiated as a series of very short
length uniform grating, expressed by eqn. (3.27). The entire grating structure is composed of
all the differentiated gratings and the precision can be improved, as desired, by increasing the

number (or reducing the size) of the finite elements used.

When a grating with AA chirps and entire length L is segmented into N equal divisions, then,
the grating length of every division is L, =L/N (i=1, 2, ...), the matrix for the entire

grating M can be obtained from repeated calculation of eqn. (3.26) for all sub-gratings and

written as

{Mll M12
M =

M21 Mzz}:MNMN—IMN_l---Ml (3.31)

Considering the conventional boundaries condition as A*(-L,/2)=1, A™(L,/2)=0, ¢, and
r, in eqn. (3.28) describe the amplitudes of transmittance (t) and reflectance (r) of the entire

grating structure [117, 118].

t=M11-MI12M21/ M?22 (3.32)
r=—M21/M22

In this point, the simulation of FBGs reduces to the calculation of the transform-matrix for

entire grating structure.

The detuning and effective detuning of the sub-grating G; are given as
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(3:33)

where &, (z) is a slow varying function along the grating axis. The matrix M, for every
elementary grating is calculated by using eqns. (3.27) and (3.28). Substituting all M, into eqn

(3.31), the transmittance and reflectance for entire grating structure are in the form
r=-M21/M22

If there is no chirp in the grating period A1 = 0, the chirped FBG becomes a grating of

uniform period structure, as expressed in eqn. (3.29).

For case where there are no refractive index variations (i.e. no grating index fringes) in the

fibre (x, =0), then, from eqn. (3.33) S = jJ,, substituting this into eqn. (3.28) leads to

r=0, t =exp(jd,L ), and eqn. (3.27) reduces to

M. =

[

[.ef% ; } (3.34)

0 e’.fauf-i

Matrix eqn. (3.34) describes the propagation of the light in fibre of length L, without index
perturbation where 29,L, is relative propagation phase. Compared to eqn. (3.34), the matrix

for phase shift (¢) is given as

0 o102

M {‘3”"2 0 } (339)
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3.2.2 The LPG and its interactions with cladding and radiation
modes:

Coupled mode equations for co-directional coupling® are used to explain the interaction
between the LPG and its cladding as well as radiation modes. LPGs possess longer index
modulation period which enable them to couple light from forward propagating core mode to
the forward propagating cladding modes and to the radiation modes. As illustrated in Fig. 3.3
the light propagating can be coupled into the cladding and surrounding medium. Couple

mode theory can be used to analyse the coupling characteristics of LPGs.

Input core mode —H
&

EASEAETEES

AN

Fig. 3.3: LPG and its interaction with input light

Consider two electromagnetic modes propagating in a perturbed medium such as in long-
period- or very strong Bragg -gratings, in the case of co-directional coupling, energy from the
fundamental guided forward propagating mode is coupled to forward-propagating cladding

modes. Taking Ag;(z)to be the amplitude of the LPy guided mode and B:f (z) to be the

amplitude of the m™ cladding mode, then the forward propagating guided mode can be
described by
o (3.36)

=0 =ik, exp(—iAf)BY
dz

and the forward propagating cladding modes can be described by

4 Obtained from well reported literature
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dB’ (3.37)

" = ik, exp{iME)As;
dz

7iAn

A

An and C,, is the overlap coefficient between core mode and the cladding modes. The phase

Where, &, is the coupling coefficient, given by x, = C,,, for a refractive index change of

matching condition, Afis defined as [112]
27 (3.38)
AB=F-B =
Where, /3 is the propagation constant of the core (guided) mode, and 3, is the propagation
constant of the m™ cladding mode. If the boundary condition at z=0 (all the light is in the

guided mode and none has been coupled to the cladding modes) and Jis defined as

O=4K:—(iAB)2)* =4k + (Aﬁ/2)2 =S, , then egns. (3.36) and (3.37) above will yield

co
1

o 1 and B:ﬂ_o = (. Taking this into account and solving (3.36) and (3.37) leads to
K (339)
S'f,_' sin”(S,,L)

m

A L) =

Where, L = grating length. Substituting the value of S, into eqn. (3.39) and dividing by Kn’

’ 2 (3.40)
sin’ [Km L1+ ______(Aﬁ/f) ]
Kﬁl

n () =1- 1+[MT

K

m

gives the final solution

2

K

m

2 (3.41)
sin{f(mL 1+m(Aﬁ/2) }

P(L)" _
Py, (0 2
O Lfe)

K

is the ratio of the power

?

coupled from the guided mode to the m™-order cladding mode.
2
When the phase matching condition is satisfied, i.e., AB= 4, - " = e

Then |r, (4] =1-sin’(x,L) (3.42)
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From eqn. (3.40) the transmissivity of the LPG’s m™ cladding mode can be plotted. It is also
clear from eqns. (3.40) and (3.42) that the strength of each loss peaks of the LPG is determine
by length of the grating and the coupling coefficient of the peak.

The effect of varying the length of the LPG can be seen in Fig. 3.4 in which the evolution of
LPG from a length of 10mm to 61lmm is shown. Each LPG spectrum is recorded after
increasing the LPG length in step of 3mm. All parameters other than grating length are kept
the same. The sinusoidal variation of the spectral responses is clearly evident on all the

grating peaks with energy being transferred from one mode to the mode of the next resonance

order.

Transmission (with offset), dB

T
o O 01 OO,
| I N T N NI I

Wavelength, nm

Fig. 3.4: Spectral evolution of LPG simulated for B/Ge fibre with length increased from 10mm to
61mm in steps of 3mm. Core and cladding radii and refractive indices of 4.15mm and
62.5mm, and 1.4492 and 1.4440 respectively
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It can also be seen from Fig. 3.4 that the length of the grating can be used to obtain different

spectral shapes for use in gain flattening.

3.3 Conclusion

In this chapter couple mode theory has been reviewed. The equations for calculating the
spectral response of both FBGs and LPGs have been derived. For the FBGs, the spectral
analysis has been successfully carried out whereby sidelobes properties and grating
bandwidths were analysed. T-matrix for the modelling of fibre gratings has been examined
and through such technique spectral responses of different types of Bragg gratings have been
calculated. In addition, many of the equations presented herein have form the basis for the

successful simulation of the spectral behaviour of fibre gratings
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4 Fabrication of fibre gratings

4.1 Introduction

In Chapter 2 holographic UV exposure technique, using a fixed beam, and the phase mask
method, with scanned a UV-beam to side-write fibre gratings have been discussed. The
scanning technique is the main method used during the research presented in this thesis. Few
FBGs were produced using the holographic (fix-beam) technique. In this chapter, the

fabrication of different types of fibre grating using UV scanning method is discussed.

First, the index modulations for various types of uniform period grating are shown, with their
corresponding spectral responses. This is followed by a discussion on the spectral
characteristics of such FBGs. Then a discussion follows on the different experimental set-ups
that can be use to fabricate both the short and the long period gratings. The discussion was
extended onto the specially designed FBGs such as Apodised, Chirped, Chirp-Moiré,
Sampled, and Sinc-sampled FBGs. The chapter then highlighted, briefly, the general areas of

fibre gratings applications and finally a conclusion is drawn.

4.2 Index modulation and spectral responses of standard
fibre gratings

Figs. 4.1(a)-(c) illustrate the index modulations for each of the 3 main standard types of fibre
gratings and Figs. 4.1(d)-(f) show the respective typical spectral responses. These grating
types are FBGs, LPGs and SFBGs respectively. The index modulations for these gratings can
be easily compared, for example, the standard FBG can be seen to have index modulation of
high frequency as in Fig. 4.1(a), and the LPG on the other hand is produced using index
modulation of low frequency as shown in Fig. 4.1(b). For the SFBG, being a hybrid, the index
modulation has both high frequency as well as low frequency index modulations, as can be
seen in Fig. 4.1(c). In all the three main types of gratings, the index modulations used are

assumed to be square-shaped’ with 50% duty cycle. In addition, it can be seen in Fig. 4.1(f)

= Index modulation is assumed to be square-shaped, because, for example, simulation using Optiwave ™ IFO

does not suggest a significant difference between both sinusoidal and square shape modulations, 2.
Amplitude mask is square shaped, and a square shape is easier handle graphically.
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that for the SFBG the high frequency components of the index modulation lead to FBG

resonance peaks, and the low frequency components produced LPG-type modes.

Index modulations Corresponding spectral responses
. T
4 I : W
i il |
il | |
1.448 il - J

. — ‘
1534 1535 1536 1537 1538
Wavelength, nm

(a) (d)
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Fig. 4.1: Index modulation profiles (a) uniform high frequency index modulation imposed by phase mask
to achieve FBG, (b) on-off low frequency index modulation imposed by shutter or amplitude
mask to achieve LPG, (c¢) the SFBG index modulation obtained by combining index
modulations of (a) and (b). Figs. (d), (e) and (f) respectively are the corresponding
experimentally-obtained transmission-based spectral response for each index profile.

Transmission, d8

N

Note that in Fig. 4.1(f) only one LPG mode is shown. Other LPG modes are also observed but

the spectrum analyser resolution (0.1nm) limits the ability to display both the FBG resonance
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and more LPG modes. Thus, in this case only one LPG mode is displayed. It is also important
to stress that all the LPG modes displayed in Fig. 4.1(e) are also present in the SFBG of Fig.
4.1(f).

4.3 Spectral characteristics of uniform un-apodised FBGs

Apodization is a technique used to suppress grating side-lobes through the control of the
grating index modulation depth. To understand the effect of apodization in Bragg gratings,
discussion will first focus on the standard un-apodized FBGs so that a comparison can be
made with the apodized types. In the last section, Fig. 4.1(a) has shown the typical index
modulation of a standard un-apodised FBG filter with a near constant coupling coefficient.
For a standard un-apodised FBG the index modulation, as shown previously in Fig. 4.1(a), is
clearly square-shaped and as will be described herein can exhibit pronounced sidelobes in the
spectral response of the grating filter. The magnitude and wavelength of the sidelobes are
dependent on the coupling coefficient 'k ', defined by eqn. (3.2), and the grating length. This

relationship has been discussed in greater detail in Subsection 3.2.1.2 (see eqn. 3.24).

The reflection spectra, obtained by simulation of uniform period un-apodised gratings having
different 'x' are shown in Fig. 4.2: (a) shows the simulated spectral responses for 10mm
grating with x = 10, 20... 60 as labelled, and (b) shows the response for 50mm gratings with
K =20, 40 and 60.

Reflection, dB
Reflection, dB

(a) (b)

Fig. 4.2: FBG simulated spectral responses (a) Kk = 10-60, length I = 10mm, (b) K =20,40,60, l = 50mm
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Typical experimentally obtained spectral responses of UV-inscribed un-apodised grating are
shown in Fig. 4.3(a) and (b): (a) shows the transmission and reflection spectra for a 20mm
long FBG written with a UV power of 70mW, and (b) had similar specification but written
with a UV power of 105mW. The High UV power for FBG inscription leads to high value of
'k'. Clearly, in uniform FBGs both simulation and experimental results suggest that the

sidelobes are well pronounced. Furthermore, for FBGs simulated using a high value of '«

Y 0
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Fig. 4.3: The spectral response of UV-inscribed un-apodised 20 mm long FBGs written with a UV power of (a)
70mW, and (b) 105mW.

the sidelobes are much more pronounced in comparison to those simulated using lower 'x".
This simulation result is clearly supported by the experimental implementation of FBGs as
shown in Fig. 4.3 (b), which indicates a very small rejection level because of the high UV
power® of 105mW that has been used to produce the FBG. By comparing with the simulation

results of Figs. 4.2(a) and (b), it can also be seen that longer gratings possess narrower

spectral peaks.

8 Remember that K = 60 in Fig. 4.2 provides a very small rejection level in comparison to FBG of lower value of
'K' eg K=20.
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4.4 Fabrication of standard fibre gratings

In this section the fabrication set-up for producing most of the gratings demonstrated in this
thesis is described. The method principally involves the use of UV scanning rather than fixed
beam. Scanning UV is achieved through a motorized translation stage, which scans the beam
across a given length of fibre. Ways of achieving the various index modulations described

earlier in Figs. 4.1(a)-(b), are discussed.

As a common rule for all UV-induced fibre grating fabrication, fibre to be used must be
photosensitive, achieved either through doping or hydrogen loading or both. For hydrogen
(H») loading, in Aston University we used two different systems: (a) Hydrogen tubes at room
temperature, where a fibre can be loaded with H, for 1-4 weeks, and (b) Hydrogenation
chamber where fibre can be loaded with H, at elevated temperature, typically 80°C, for 1-2

days, and for either case the pressure applied was ~130bars.

To produce gratings, if the fibre coating is not UV transparent, the coating must be removed
by stripping to expose the cladding. To strip the fibre, a mechanical stripper may be used
otherwise chemical stripping is another option. For some fibres, mechanical stripping is not
the best option because the fibre may get broken during the process. From the author's
experience, chemical stripping provides better control, and is less risky to the fibre. For the
fibres used by the author, most of which were given to the University for free (without much
details other than that of core dopants), chemical etching appear to be the preferred stripping

technique.

After every UV-based grating-fabrication process, annealing follows. The annealing process
involves placing the grating-containing fibre in an oven, on average for 1-3 days to remove
the leftover hydrogen from the fibre. At all times, annealing is carried out at temperature that
is at least 30°C higher than the maximum temperature under which the device would be used.
Table 4.1 provides details of the UV laser power and the average time required to make

individual gratings with a single UV scan.
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Output power at laser (mW) Laser power reaching the fibre core (W/em®)
125 1029.13
110 905.63
100 823.30
05 782.14
90 740.97
80 658.64
70 576.31
55 452.82

Note: There were five mirrors in the UV-path. It is assumed that each mirror and lens contributes 5% loss,
the paper-slit used, cuts out 30%, and the phase mask allows 80% (i.e. each order is 40%). Core diameter
=10um, slit size = 0.5mm

Purpose of Scan Grating length (mm) Average scan time (min.)
10 2

To make FBG 20 4
10 20

To make Apodized FBG/Chirped, FBG 50 40

To make LPG and SFBG 1 50 10

To make SSFBG/Sinc-SSFBG 50 160

Table: 4.1: The fabrication parameters for reference

4.4.1 FBG fabrication

A set-up for the FBG fabrication using phase mask is shown in Fig. 4.4. As illustrated in Fig.
4.4 (b), which is a magnified part of Fig. 4.4 (a), the phase mask is simply a flat plate of silica,
which is transparent to UV light, and has corrugations of spatial period A, etched upon it.

UV light that is incident normal to the phase mask is diffracted by the periodic corrugations of
the mask with minute or no light transmitted in the zero-order beam. In practice, most of the
light is contained in the 0, +1 and -1 diffracted orders. Figs. 4.4(a) and (b) in general describe
the experimental arrangement for the fabrication of not only the standard but also many other
types of FBGs. The periodicity of the phase mask determines the type of grating produced.
Thus, for a uniform period FBG, a phase mask with constant spacing between corrugations is
used. But, to produce a chirped FBG, a phase mask with increasing or decreasing spacing is

used instead.
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Fig. 4.4: The phase mask grating writing arrangement

The phase mask corrugations are designed so that the zero order is suppressed, to < 5%, with
approximately 40% of the total incident light intensity in each of the +1 and -1 diffracted
orders. The grating is written with a period A=A, /2 by the interference between the +1 and

—1 diffracted orders of UV emanating from the phase mask. The period of the resulting

grating is independent of the exposure source (laser) wavelength.
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A disadvantage of the phase mask method stems from the need to have a separate phase mask
for each Bragg wavelength required. It has been demonstrated however that a magnifying lens
positioned right in-front of the phase mask permits variation of grating peak wavelength
[119]. It has also become a common practice to vary the grating wavelength using the same
phase mask by application of strain to the fibre [120]. A wavelength shift of up to 6nm has
been achieved using this method as will be seen in Section 5.2.1. Another method used to

alter the FBG wavelength is by using pre- or post-exposure of the fibre containing the grating
with UV [121].

The phase mask fabricated Bragg gratings have received wide acceptance from both the
telecom and sensing industries. This has encouraged further research into the fabrication of
improved grating structures for a wider range of applications. Using the phase mask
fabrication technique, it has been possible to write many new and interesting grating
structures, including apodised, chirped, phase shifted, Moiré, sampled, and chirp-sampled
gratings. Such gratings are non-uniform, either in period or in the amplitude of the induced
refractive index change. The variety of in-fibre Bragg grating devices that can now be
fabricated has led to their employment in a wide range of applications, many of which were

not considered previously.

Recently, a method, which offers the advantages of both the transverse holographic and phase
mask gratings fabrication, has been reported [122]. This method allows for using a phase

mask to flexibly achieve FBGs of diverse wavelengths and with low levels of sidelobes.

Another method for producing FBGs that was reported recently, involves the use of
polarization beam splitter to achieve FBGs with reduced sidelobes [123]; this method allows
for producing FBGs of different profiles. In this beam scanning method movement of either
the fibre or the phase mask is not required. The method involves control of coupling
coefficient and phase-shifts by using UV polarisation beam-splitter: the polarisation of
scanned beam is effectively tailored to give various profiles. Apodization is obtained with a
single scan of the UV beam with a constant speed and UV intensity. Using the polarisation
beam splitter method it has been shown that various apodization profiles can be achieved with
up to 28dB sidelobe suppression in a grating with 8dB transmission dip [123]. Most methods

used for FBG fabrication lead the production of re-producible gratings, but, generally,
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methods that involve the use of phase mask, from author’s experience, seemed to offer grater

control and reproducibility.

4.4.2 LPG fabrication

Long period gratings, as the name suggests, are another set of fibre gratings whose period is
much larger than that of FBGs. LPGs are easy to fabricated and have grating period in the
order of 5 to 2800 um [124] compared with FBGs whose periods are usually less than 1 um .
LPGs can be fabricated using the experimental set-up shown in Fig. 4.4 used for FBGs, but
the phase mask should be substituted by amplitude mask. Larger periods enable the UV-
inscription of LPGs using amplitude masks [125] in place of phase mask. In addition, the
amplitude masks are much cheaper than phase masks and their large periods also permit

greater tolerance of error.

Alternatively, point-by-point UV exposure can be used to produce LPGs [126]. The point-by-
point writing method allows for the LPGs to be written without amplitude masks. In fact this
method also allows FBGs to be written using a very short phase mask. Whilst both the
amplitude mask and the point-by-point methods provide LPGs of high quality, the later
technique offers the added advantage of arbitrary periods and profiles. To use point-by-point
method, a UV light shutter is computer-programmed to switch on-off (i.e. open & close) with
a 50% duty cycle during inscription process. The computer control has improved the
flexibility of the LPG fabrication to the extent that the control of length and index modulation
depth permits the design of different spectral profiles. Non-UV based LPG writing techniques
have also been reported [127,128], some of which show that LPGs can be produced using a
fusion splicer [129,130]. In all cases, the LPGs can be re-produced with more than 97%
match but are extremely difficult to obtained 100% reproducibility as in other short-period

devices.

4.4.3 SFBG fabrication

A Sampled Fibre Bragg Grating (SFBG) is a Bragg grating having a high-spatial-frequency
refractive index modulation superimposed with a periodically-varying, low-frequency

envelope of index modulation superimposed on it during UV inscription [22]. The slowly
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varying envelope with a long period of Arpg (Arpc = M) leads to an LPG-like transmission
attenuation response, characterised by several broad loss bands with resonance wavelength

Ao =0T —nF YA ., where n? and n?

edens iR = am are the effective indices of the fundamental
core mode LPy; and cladding mode LPy,, respectively. The LPG response is derived from the

light coupling between the forward-propagating core and cladding modes.

From Figs. 4.1 (c) and (f) it can be seen that SFBG is a series of similar short length FBGs
(sub-gratings) cascaded serially along a fibre. The rapidly varying index modulation in each

sub-grating with a short period of Arpg lead to an FBG-like reflection response characterised

by multiple-harmonic narrow resonances with a central Bragg wavelength A, =2n¥A ..

The FBG response results from the light coupling between the counter-propagating LP¢; core
modes. According to coupled mode theory, every Fourier component contributes a reflectivity
peak to the Bragg resonances of the SFBG. The wavelength spacing, A4, of the Bragg

resonances of SFBG is given by

A 4.1)
2nM

AA =

Where, A is the Bragg wavelength, n is the effective refractive index of the fibre core, and M
the period of the low frequency envelope of index modulation (i.e. the period of amplitude
mask). Clearly, by changing the period, M, it is possible to change the spacing between FBG
resonance peaks of the resulting grating. Longer period M can be altered by changing the duty
cycle of the UV exposure. Thus, changing the duty cycle can also alter the resonance spacing,

AA.

The arrangement of the phase- and amplitude- masks for SFBG fabrication is shown in Fig.
4.5. It can be seen in the arrangement that both the phase and amplitude masks are used. The
UV first passes through the amplitude mask before subsequently getting diffracted by the
phase mask to the usual orders (+1, 0, -1) as seen in Fig. 4.4 (b). Amplitude mask does not
alter the direction of the UV significantly —the dark spots blocks the UV and the clear parts

are transparent. This is similar to superimposing the index modulation of an LPG over that of
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an FBG. Clearly, with this arrangement the amplitude mask can be removed if point-by-point’
method is required. The point by-point is the main LPG and SFBG fabrication method

adopted in the work reported in this thesis.

uv
Amplitude mask
H{ ?ase mask
Light | e e | OSA
source S
photosensitive fibre

Shutter

Fig. 4.5: Experimental set-up for the fabrication of SFBGs

SFBGs are produced with 50% scan duty-ratio just like LPGs, and just as for the LPGs the
long period spectral response is thus difficult to replicate with 100% matched. However, the
Bragg components of the spectral response are easily reproducible in view of the fix period

phase mask used.

4.5 Specially designed fibre gratings

For the FBGs and SFBGs, other variants of the gratings can be obtained by changing the
period, duty-cycle, or depth of the index modulation along the grating length. In FBGs,
changing the intensity of the index modulation along the grating length can be used to obtain
an apodised FBG. Furthermore, the period of index modulation can also be gradually
increased or decreased to produce another type of grating called Chirped Fibre Bragg Grating
(CFBGQG). Also, by overlapping two CFBGs another grating called Chirped-Moiré grating can
be achieved [131]. In addition, the fabrication of two special types of SFBG is also discussed.

7 Point-by-point method is simply the illumination of the fibre with shots of UV at different points along the
fibre length. Often, the illuminated points have the same spacing between them.
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4.5.1 Apodised in-fibre Bragg grating filters

Standard FBG reflection-profile exhibits a series of sidelobes on either side of the main Bragg
peak. These sidelobes are inherent in un-apodized Bragg gratings and are highly undesirable
for most grating applications. In DWDM systems, for example, these sidelobes could induce
cross-talk between adjacent channels, and in dispersion compensating systems they introduce
ripples in the dispersion characteristic of a chirped Bragg grating, degrading the system
performance [132]. A typical FBG-based DWDM system requires gratings with flat
dispersion characteristics, square-shaped reflection and sidelobes rejection level of up to 25
dB.

In Section 4.3, where the characteristics of uniform period fibre gratings has been discussed,
it was demonstrated that the coupling coefficient 'k ' determines the level of sidelobes in the
FBG reflection spectrum. In this subsection, it is demonstrated that the spatial variation of '«

can be tailored to obtain various reflection profiles in FBGs.

4.5.1.1 Apodisation principle

Suppression of the grating sidelobes can be achieved by spatially varying the x from 0 to

K ... (k,) from grating ends to the centre with some degree of symmetry as shown in Fig. 4.6.

The spatial variation of the grating coupling coefficient, with the highest value at the centre
and lowest value at the grating ends, is called apodisation. As the edges of the grating have
near-zero coupling coefficient after apodisation, the effective length of the grating becomes a
fraction of the total exposure length. This means that an increment in the linewidth of the
grating can result from apodisation. In addition, during fabrication, the coupling coefficient of
an apodised grating must be higher than that of the standard un-apodised grating if the same

transmission strength is to be achieved.

It is noteworthy that using the value of 'x ' to reduce grating sidelobes, otherwise known as
apodisation, has generated considerable interest over the last few years. A large effort has
been made in the theoretical design of apodised grating filters [133,134,135,136]. Also, there
have been many demonstrations of different experimental techniques for the fabrication of
apodised gratings including, the use of UV-pulse interferometry [122], a phase mask with
variable diffraction efficiency [137], and methods for CFBGs [138,139]. These works have
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highlighted the importance of apodisation for the majority of applications employing Bragg
gratings, but has concentrated mainly on the design of the overall profile for a grating of

unrestricted length.

A standard square-shaped index-modulation envelope of a un-apodised FBG similar to that
seen in Fig. 4.1 (a) was superimposed with a Gaussian apodisation profile to achieve the
apodisation envelope shown in Fig. 4.6. The resulting grating coupling coefficient in this case

is defined by

Kk (z) = K, . funct(z) 4.2)

Refractive index modulation

Grating position

Fig. 4.6: Apodisation envelope of Index modulation imposed on a uniform period FBG

Where x, = x, for the un-apodised index modulation, and funct (z) varies from 0 to 1

according to the apodisation function used.
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4.5.1.2 Apodisation functions and simulation results

Several K -varying functions have been suggested for apodisation of Bragg gratings,
including Gaussian, Blackman, Cosine and Sinc [104]. Table 4.2 shows these functions used

for different index modulation profiles.

Profile K -varying function
Gaussian | 4.3)
2
funct(z,m)= exp(— m|z /L] 2| )
....... 4.4)
Blackman ﬁ,mc{z ll IQCOS(UZ}-H) 19cos(m)
238
....... (4.5)
Cosine funct(z) = cos(%)
sn(2Nz/L) e (4.6)
: ne(z; N ) =———=
iy A )= NmiL
—L/2<z<L/2,Lis grating length.

Table 4.2: The list of apodisation functions

A comparison of the calculated responses of gratings apodised with Gaussian and Blackman
envelopes is shown in Fig. 4.7: (a) shows the responses for 10mm long grating whereas (b)
shows the response for the 50mm long grating. It may be observed from the figures that the
longer the grating the better the apodisation —with Blackman envelope leading to a better
rejection level when compared with its Gaussian counterpart. As can be seen in Fig. 4.7(a),
theoretically, up to 50dB can be achieved by using a standard Gaussian profile to apodised a
10mm FBG, and a 25 dB further improvement can be obtained for the same length of grating

by using the modified-Gaussian or Blackman profiles.

For longer gratings higher rejection levels can be achieved, as seen in Fig. 4.7(b): typically,
for a 50mm FBG that is apodised using standard Gaussian function 56dB rejection was
recorded. However, Blackman or modified Gaussian functions offered a rejection level of
96dB as seen in Fig. 4.7 (b). Clearly for both profiles, improved rejection levels can be

achieved in a longer FBG.
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Fig. 4.7: Simulated apodised FBG responses (a) K =85, I=10m (b) Kk =85, [=50m

4.5.1.3 Apodisation of phase mask fabricated FBGs

Several methods have been suggested for the apodisation of phase mask fabricated Bragg
gratings. One of the simplest techniques, reported by Hill ez al [138], involves varying the rate
of exposure along the length of the grating, which produces a corresponding variation in the
average refractive index and coupling coefficient thereby apodising the grating profile.
Unfortunately this technique, though effective for controlling sidelobes, generates an

unwanted chirp along the length of the grating [10].

Other apodisation techniques include the longitudinal stretching of the fibre during grating
fabrication which reduces the fringe visibility toward the grating ends while maintaining the
visibility at the grating centre (e.g. cosine) [139]. Position weighting technique of apodisation
has also been proposed, where a number of sub-gratings are made to overlap, thus controlling
the local grating strength. Using this method, a 10cm-long grating was fabricated with a

truncated sinc apodisation profile [140].

Apodisation can also be achieved by using a custom-made apodised phase mask [122,137].
Despite the cost and inflexibility of this method, it has gained so much popularity due to the
inherent reproducibility of the resulting gratings. In this technique, apodisation can be
achieved by varying the diffraction efficiency along the length of the mask. This efficiency

can be varied by continuous changing of the ridge duty cycle with the length of the mask or
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by maintaining a constant ridge duty cycle of ~50% while introducing numerous phase shifts,
from 7 in the middle to zero at both ends of the mask. Apodised phase masks are now very

common and their effectiveness in producing apodised gratings is well recognised.

Advanced apodisation profiles can also be achieved by either moving the fibre [138,141] or
phase mask during UV scanning [142]. Despite the sensitivity to vibration and sometimes the
need for interferometric control, these methods are quite flexible. Also, the fact that phase
mask of any period can be used for the fabrication means that the cost is significantly
reduced. A method whereby a phase mask is not only moved but also shaken during
fabrication, generally known as the phase mask dithering technique, has also been

investigated. Typical results obtained using this method are described in the next subsection.

4.5.1.4  Experimental apodisation by phase-mask dithering

The experimental apodisation technique used for the work reported in this thesis is based on
the dithering of the phase mask during exposure. It provides all the advantages of Meltz's and
Hill's holographic techniques described in Chapter 2, and has increased flexibility that enables

a device of any desired profile to be fabricated.

Fig. 4.8 shows a schematic diagram of the experimental set-up used for the phase mask
dithering technique for the fabrication of the apodised gratings. The UV beam’s diameter was
reduced to ~0.5mm after passing through the cylindrical lens. The beam was incident at right
angle to the mask and the fibre. The mirror and cylindrical lens were mounted on a translation
stage as illustrated in the figure, which allowed the beam to be scanned longitudinally along
the length of the phase mask/fibre arrangement. The phase mask itself was mounted onto a
single piezoelectric crystal, driven to dither the phase mask by using a profiled triangular
waveform from a computer controlled function generator. The magnitude of the dither was
varied as the beam scanned the length of the fibre through the phase mask: maximum dither
occurred when the beam was at either ends of the grating, with the minimum or no dither
occurring at the centre of the grating, to obtain a symmetric index profile similar to that
shown in Fig. 4.6. Smaller UV beam sizes do follow apodization profile more accurately,
thus, can lead to improved efficiency due to reduced overlap between the two interfering UV
diffraction orders [143]. But, for a given distance between fibre core and the phase mask, as

the beam get smaller diffraction order of the UV beam do diverge, and where this happens
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(for example when beam sizes are tens of microns), then diffraction pattern will form away
from the core. With no diffraction patterns forming in the fibre core there is effectively no

grating. Care must therefore be taken to strike an optimal balance between the trade-offs.

translation stage
-
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Fig. 4.8: The experimental set-up for the fabrication of apodised gratings using a phase mask dither
technique.

The only constraint for a fully apodised grating was that the phase mask had to be moved by
exactly half the mask period at both edges of the grating in order for the fringe visibility to be

minimised to k¥ = 0. This means that for every phase mask, a voltage by which the dithering

amplitude is exactly equal to half the mask period (é—*"f;—“—] had to be established. This

voltage is referred to as the optimal dithering voltage. The optimal voltage for dithering the
mask was first identified through the writing of gratings using different voltages, applied to
the piezoelectric crystal on which the phase mask sits, to obtain the dithering amplitude that
matches the half phase-mask’s period. The idea here is that with the maximum dither
amplitude there is complete UV shading and no grating is written. With lowest or no dithering

the maximum index modulation depth can be obtained because there is no shading.

By measuring the spectral response of the fibre, the accuracy of the identified optimal
dithering voltage (giving an amplitude of half the mask period) was corroborated; no grating
was discernible after scanning the whole length of grating with UV power of 110mW. Fig. 4.9

illustrates the relationship between the dithering voltage and the FBG transmissivity that was
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realized during the tests. Clearly, the ‘half-period’ shaking voltage established for the

particular phase mask used is ~0.898V. At this voltage the transmissivity of the FBG is zero.

FBG Transmission, dB
(]
1

0 T Y E T T e ¥ T v
0.894 0.896 0.898 0.900 0.902 0.904

Voltage, Volts

Fig. 4.9: The piezo shaking-voltage against the strength of FBG transmission dip

A uniform period phase mask was used to fabricate all the apodised gratings and for
consistency, the same phase mask and the same type of fibre hydrogenated under the same
condition were employed for each separate work. Standard SMF which is known to be
mechanically strong, and compatible with most telecom systems, was used for all the work
reported in this section. The phase mask used had a spatial period of 1071nm and the output
power for the 244nm Fred-laser used to write the gratings for establishing the optimal

dithering voltage was 110mW.

The Gaussian apodised gratings having the spectral response shown in Figs. 4.10(a) to (d)
were fabricated using a frequency doubled Argon-ion laser with output power ranging from
70mW to 110mW. In particular, the FBGs shown in Figs. 4.10(a), (b), (¢) and (d) were
written with laser output powers of 80, 90, 110, and 100mW respectively. Clearly, the depth
of the transmission dips of the FBGs indicate direct relationship® with the UV power used as
suggested by Figs. 4.10(a), (b), (c), and (d) showing transmissivity of 6.6, 8, 44, and 22dB
respectively. However, the gratings of stronger transmissivity are often spectrally broad and

of low rejection level, as seen in Fig. 4.10 (c).

¥ As the UV power increases, the depth of the FBG transmission dip increases. This remains the case until
saturation is reached.
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Fig. 4.10: Experimentally obtained apodised FBG transmission and reflective spectra, (a) UV power 80mW, (b)
UV power 90mW, (c) UV power 110mW, (d) UV power 100mW

On the other hand there is, as expected, an indication that smaller transmissivity can lead to
gratings of stronger reflectivity levels. This suggests, as expected, that there is a trade-off
between reflectivity and transmissivity, therefore, an optimum level needs to be established

whereby both the transmission and reflection spectra indicate a reasonably good sidelobe
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rejection level. It is necessary to stress that a saturated grating often offers low sidelobe
rejection. A typical example is shown in Fig. 4.10 (d), where both the transmissivity and
reflectivity are about 19dB. It should be mentioned that greater FBG transmission and
reflection strengths can be achieved with improved stability of the fabrication optics. For
example, the number of mirrors to be used must be as minimal as practically possible, fibre
and phase-mask must be firmly fixed during the scan, effect of undesired vibration on the
mask and fibre must be eliminated, laser must be well aligned so that exactly the same UV
intensity is applied through the whole grating length, phase-mask must be clean, and the fibre

must not be touching the phase-mask during the scan.

In summary, Subsection 4.5.1 has described the technique to design and fabricate apodised
FBGs. The apodised FBGs owing to their large rejection ratio (dynamic range) can offer
superior optical filters, and provide sensing heads that are easier to interrogate than standard
FBGs. Various apodisation functions have been described; Gaussian and Blackman profiles
have been compared. Methods to implement apodisation experimentally were also considered.
In addition, a number of FBG filters fabricated during this research have been demonstrated

paving the way for further development of specialized FBGs.

4.5.2 Chirped fibre Bragg gratings (CFBGs)

The fabrication of CFBG involves the use of the same set-up as that used for FBGs (see Fig.
4.4) —the only difference is the phase mask. That is, instead of using uniform-period phase-
mask, one with a linearly increasing spatial period is employed. Typical index modulation
imposed in the fibre core by this type of phase mask is shown in Fig. 4.11 (a) and an example
of CFBG spectral response is depicted in Fig. 4.11 (b). As can be seen in Fig. 4.11 (a), there is
increasing spatial period of index modulation from left to right -matching the phase mask

corrugations.

The width of the spectral response, A4, is large in comparison to that of standard FBGs
because light components passing through the device are reflected at different points along
the length of the CFBG. The spectral width thus indicates the maximum degree of chirp in the
CFBG. For a grating with a given chirp rate, the longer it is the wider the bandwidth. But
CFBGs with larger bandwidths are more likely to be affected by ripples.
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Fig. 4.11: A typical CFBG, (a) illustration of index modulation and (b) experimental spectral response

A CFBG can be used to compensate for fibre dispersion if used in the way described by Fig.
4.12. Here, the CFBG is used with the longer period side at the light input end, which cause
reverse dispersion effect as well as reducing the effect of spectral distortion that may result

from short wavelength loss.

The interaction between light components and the grating's index modulations can be seen in
the enlarged CFBG section shown within the figure, where different wavelengths are reflected
at different points along the grating. This implies that pulses that have been broadened by
fibre-induced dispersion can be compressed back to their original size using a CFBG as
demonstrated. It can be seen in the figure that at the fibre input there is a train of pulses that
are distinctly separate, but after passing through the length of the fibre, say 200Km, the pulses
that arrive at the receiver side are broadened and sometimes they overlapped. To reverse the
effect, a CFBG with equal dispersion to that of the long-haul fibre is used in the reverse order,
as shown in Fig. 4.12. Clearly, after passing through the CFBG, the broadened overlapped

pulses are separated and compressed back to their original shaped.
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Fig. 4.12: A typical experimental arrangement for dispersion compensation showing CFBG reflecting light
of different wavelengths at different points along the grating

A CFBG can be used to either compensate for or indeed to introduce dispersion when
required. To introduce dispersion in a channel, instead of using the CFBG in the way
described by Fig. 4.12, it is used with the shorter period side connected to the circulator. This
is often the case when used in microwave sub-carrier related applications where CFBG acts as

a delay line. This principle will be further discussed in Chapter 6, under transversal filters.

453 Chirped-Moiré FBG

Chirped-Moiré grating is obtained by the superimposition of two CFBGs of different
periodicities in the same section of fibre core. It is fabricated mainly by dual exposure using

chirped period phase mask. The initial CFBG is produced, and the second CFBG is then
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superimposed on it with an offset. The length of the offset distance will determine the number
of peaks within the chirp-grating stop band. Typical index modulation of this type of grating,
obtained through simulation, and spectral transmission response, obtained experimentally, are

respectively shown in Fig. 4.13 (a) and (b).

Chirp-Moiré grating can be used for quasi-distributed strain and temperature sensing
applications [144]. For quasi-distributed sensing the individual peaks of the grating shifts
differently depending on the physical position within the grating that is exposed to the

external perturbation.
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Fig. 4.13: A typical 1cm long Moiré grating; (a) simulated index modulation and (b) experimentally
obtained spectral response

4.5.4 Standard-superstructure and sinc-sampled FBG

For easy of discussion, from this point, two abbreviations will be used to represent sampled
fibre Bragg gratings. SFBG will represent grating produced with 50% UV-scan duty ratio and
it is mainly used in transmission only (i.e. showing both short- and long period components).
However, when such type of grating is produced with <10% duty ratio and the use is made of
only the short period (Bragg) components either in transmission or reflection, the grating will

be referred to as the SuperStructured Fibre Bragg Grating and abbreviated as SSFBG.

Apart from the standard type SFBG described earlier and shown in Figs. 4.1 (¢) and (f), two

additional superstructured variants can also be achieved by first reducing significantly the
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duty cycle of the low frequency index modulation from 50%, followed by either
(i) maintaining a square-shaped low frequency index modulation envelope as shown
in Fig. 4.14 (a) or
(i)  imposing a sinc-shaped index modulation on the low frequency index modulation

as demonstrated in Fig. 4.14 (c).

In the case of (i), the resulting spectral response of the SSFBG shows a Gaussian envelope
containing N multiple channels, as exemplified in Fig. 4.14(b). This grating is sometimes
called FBG comb-filter. For (ii), the spectral response depicts a set of flat-top channels, and
the SSFBG is called Sinc-Superstructured Fibre Bragg Grating (Sinc-SSFBG) and its

spectrum is shown in Fig. 4.14(d).
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Fig. 4.14: Typical SSFBGs (a) square-shaped index modulation of a 5cm long SSFBG, (b) spectral
response of a 5cm long experimentally obtained SSFBG with square-shaped index modulation
(¢) calculated sinc-shaped index modulation of a Icm long SSFBG, (d) calculated spectral
response of a 5cm long SSFBG with sinc-shaped index modulation.
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The SSFBG consist of a cascade of very short similar FBGs, produced using the same
uniform period phase-mask. The short-gratings are arranged serially at equal distances apart
in a piece of fibre. Because most commercial amplitude masks are designed with 50% duty
ratio, it is not possible from the authors experience to obtained dense —channel with the
combine use of such amplitude mask and a phase mask. Instead, a point-by-point method of
UV-shots (scans) must be used with the desired low (<10%) duty ratio in place of the
amplitude mask (i.e. UV should be scanned along the length of the fibre, through the phase
mask with <10% duty-ratio). SSFBG spectral responses can be designed and fabricated in

practice, with precision, and indeed that has been done during this research.

However, for sinc-SSFBG each of the short similar FBGs is individually-apodised. The
apodisation of each FBG is implemented using a sinc-profile. To produce the sinc-SSFBG, a
phase-mask dithering technique of apodisation is used, and therefore the optimal dithering
voltage must first be established. The voltage that is used to produce phase-shifts also needs
to be identified. Whilst the dithering voltage shakes the phase mask, the phase-shift voltage
normally causes a skip of the translation stage during the inscription. As soon as the two
voltages are identified the remaining process is similar to producing apodised FBG. The only
difference is that low frequency index modulation is introduced instead of the one large

envelope, and each of the sub-gratings needs to be sinc-apodised.

Just like FBGs, these dense channel SSFBGs are highly reproducible. It is to be recommended
that when producing, SSFBGs, spectral response should first be designed by simulation,

before the actual implementation.

Table 4.3 provides the equations representing the index modulation for the Bragg gratings
discussed. These equations defined the index modulation that was controlled by the computer
to obtain the respective gratings. Where, N+1 is the number of channels, L is the entire

grating length, M is the period of index maxima, m is an integer, and Ang is the index

modulation depth.
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Table 4.3: Index modulations for Standard FBG, Chirped FBG, Chirped-Moiré FBG, Standard
SFBG, and Sinc-Superstructured FBG

These modulations have been imposed on the fibre to achieve a desired grating using

computer control.

4.6 Grating spectral measurements

To start measurement using Optical Spectrum Analyser (OSA) a piece of “test” fibre of
similar material and length to that of grating-containing fibre should be (and has been) used
for the light source spectral flattening (i.e. normalization). Once the spectral response of the
“test” fibre is recorded, an OSA-generated flat signal is then placed at around 0dB level. The
difference in amplitude of the flat signal (at 0dB) and that of the spectral response of the
“test” fibre is then calculated and stored in the OSA. Such difference is then added to the
spectral response of any fibre that is connected afterwards. If the connected fibre is of the
same length with the “test” one used and has no grating within it, then the resultant signal will
be flat spectrum, at 0dB amplitude. By flattening the OSA-displayed spectrum of the light
source before grating measurement, and at the same time taking note of the signal amplitude,
any changes away from the flat response (at 0dB), after replacing the “test” fibre with grating-
containing fibre could easily be associated with the grating. Assuming insignificant

connection loss at the input to the grating-containing fibre, all changes to the amplitude of the
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signal, from what it was when the “test” fibre was connected (i.e. 0dB), will be an indication
of the grating-induced loss and indeed all spectral-changes from flat-line will clearly reflect
the grating characteristics. For the flattening to be useful and effective, both the “test” and the
grating-containing fibres must be of the same length; also, the light source output needs to be
stable. The reader should note that the author has not measured the losses associated with the
gratings at the time these experiments were being conducted, but, in retrospect, such measure
should have been carried out. Fig. 4.15 shows the set-up for grating spectral measurement
(interrogation). Both reflection and transmission characteristics have been recorded by the

author using this type of set-up.

Newport
Model 325 Temp Controller
Model 505 Laser diode driver

SDLO-2032-080, 980nm laser
dinde

LED Grating
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an PC

]
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Fig. 4.15: The interrogation set-up for grating-based sensors used for both transmission and reflection
measurementi.

4.6.1 Strain measurement

To measure axial strain, the fibre containing the device was first positioned straight (with 0.0

m’ curvature). One end of each device-containing fibre was fixed firmly, whilst the other end
was attached to a micrometer-drive by which axial strain could be applied. The devices were

subjected to strains ranging from 0 to 7.2 x 10° ue in incremental steps of either 400 ue or
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500 ue and the spectral responses were recorded at each step. Strain measurement for each

FBG-sensor was carried out within two minutes during which each grating was placed in a

temperature-controlled environment.

4.6.2 Temperature measurement

For temperature measurement, heat was applied to the device, or devices in turn, using an in-
house Peltier heat pump (of 1% resolution) controlled by a thermo-electric temperature
controller. The device is normally placed inside a v-grove of about 150um depth machined in
the middle of the lcm width of the lem x 7cm x 0.5cm heating-element along its 7cm
horizontal length. The arrangement was enclosed in a 3cm x 9cm x 2.5cm plastic box so as to
maintain a constant temperature across the length of the in-fibre device, and before the
application of heat, each of the two fibre-ends protruding out from the middle of the Peltier-
box was fixed to avoid changes in the axial strain during temperature measurements’. In most
cases, temperature was varied, in the selected direction, in steps of ~5°C from an arbitrary

starting value: the corresponding spectral responses were recorded at each step.

4.6.3 Surrounding refractive index (SRI) measurement

To measure the SRI, each of the in-fibre devices was initially fixed into a straight v-groove
machined in an aluminium metal plate. The depth of the groove is at least 2 times the
diameter of the fibre. The ends of the fibre that protrude outside the groove were fixed in
order to avoid changes in strain on the device. The aluminium plate containing the groove was
placed on a metallic heat-conducting platform (i.e. aluminium table) such that a stable
temperature was maintained around the device. Oils of different refractive indices, ranging
from 1.3 to 1.478, were applied in-turn around the device by filling the v-groove: the
corresponding spectral responses were recorded using a computer and an OSA. After each
measurement using an oil of a particular refractive index the device was cleaned using de-
ionised water and methanol until the spectral response of the device completely matched the

original spectrum that was recorded when the dried device was surrounded by air only.

% . The particular value of other parameters (such as strain) is not important as long as there is consistency in
their value during measurements.
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4.6.4 Recording grating wavelength shifts

As soon as grating response is recorded using OSA, it is possible to identify the peak
wavelength of the grating. There are several ways to measure grating peak wavelength,
including the selection of highest or the lowest point on the peak for reflection or transmission
respectively. Also, by differentiating the spectrum, zero crossing points have often been
identified and used. But, for broad spectral peaks it is possible that there might be a number of
highest/lowest points that have the same value and thus it might be difficult to ascertain the
most relevant point, even through differentiation. To this end, parabolic fits have been used to
measure the centroid of most peaks, especially for the LPGs. Fitting a parabola provides more
accurate indicator of the spectral position of grating peaks in comparison to highest/lowest
point selection. The parabolic fit also takes into account any changes in the symmetry of the

peaks

4.7 Conclusion

In this chapter the principle behind grating fabrication has been discussed starting from index
modulation to its practical implementation. The focus was on the UV-scanning methods of
fabrication that has been adopted for the research presented throughout this thesis. The
fabrication of standard FBGs, LPGs and SFBGs was first considered and the discussion that
followed focused on the inscription of specialised types of gratings (i.e. the derivatives).
These special gratings include the Apodised FBGs, Chirped FBGs, Chirped-Moiré FBGs and
Sinc-Sampled FBGs. All these gratings were successfully fabricated and their profiles

demonstrated.

On apodised FBGs, both simulation and experimental results were provided and compared to
support the analysis. In particular, different lengths of FBGs were apodised by using Gaussian
and Blackman profiles —the results suggest that over 50dB rejection is theoretically

achievable. Experimentally, however, over 19dB rejection has been demonstrated.

The poorer out of band rejection in the experimental results [i.e. ~19dB in 4.10(d)] as against
the simulation results [i.e. ~40dB in Fig. 4.7(a)] is believed to be associated with a number of
experimental sources of error, including (a) poor stability of the fabrication optics, (b) the five

mirrors used, some of which were placed more than 1.5m apart, with each contributing to the
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beam alignment error, (c) the effect of undesired vibration on the mask and fibre -emanating

from laser cooling system and piped water, (d) the non-uniform laser-beam intensity applied

across the grating length resulting from (i) poor alignment, and (ii) poor laser beam quality,

(e) dirt or even phase/amplitude errors associated with the phase-mask, (f) resolution of the

translation stage or (g) the rounding errors in the control software for translation stage

electronics and (h) response error in the electronics etc.
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S Sensing applications of fibre gratings

5.1 Introduction

In this chapter the applications of Fibre Bragg Gratings (FBGs), Long Period Gratings
(LPGs), and Sampled Fibre Bragg Gratings (SFBGs) to sensing are discussed in Sections 5.2,
5.3 and 5.4 respectively.

In Subsection 5.2.1, the design and use of advanced FBG-arrays to measure arbitrarily quasi-
distributed axial strain is described. The designed array sensor achieved very high spatial and
spectral resolutions. However, the quasi-distributed strain sensor has limitations, which stems
from its susceptibility to temperature cross-sensitivity. A mechanism to factor out such
effects thus became a necessity. To this end, many solutions are proposed and demonstrated
in Subsection 5.2.2. Different techniques are adopted for the solution as described in
Subsection 5.2.2.1 so as to produce FBG-sensors that can simultaneously measure strain and
temperature. The detailed measurements are presented in Subsection 5.2.2.2 and the

effectiveness of these dual parameter FBG-sensors is demonstrated in Subsection 5.2.2.3.

In Section 5.3, the sensing applications of some special types of LPGs fabricated in different
types of fibre are discussed. In particular, discussion starts on the use of LPGs with harmonic
cladding modes. Further investigation focused on LPGs with yet un-reported characteristics,
which are demonstrated in both B/Ge co-doped and standard fibres. The use of one of such
LPGs to measure the combine effects of various parameters such as strain, curvature,
refractive index and temperature is discussed. To explain the behaviour of some of these
LPGs a number of modelling exercises were carried out using Matlab and Optiwave ™ IFO:

some of the results obtained are also described.

LPGs fabricated in double-cladding (3-layer) fibre with potentials for dual-parameter sensing
and gain-flattening applications are demonstrated in Subsection 5.3.2. The use of such types
of LPG to simultaneously measure refractive index and temperature in particular, are

discussed in greater detail.
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In Section 5.4, the design and use of SFBG to simultaneously measure the combined effects
of temperature and various other parameters are described. In particular, the results of the
first demonstration of temperature and index measurement using a single SFBG device are
demonstrated in Subsection 5.4.1. In Subsection 5.4.2, the novel applications of SFBG to
measure axial strain, temperature and curvature simultaneously are discussed. Within the
same subsection, the capability of an SFBG to measure both very large and very small

curvature values is successfully demonstrated.

5.2 Fibre Bragg grating (FBG) sensors

The ability to provide real-time information for structural health monitoring of civil,
aerospace and maritime engineering structures is an important diagnostic process for
preventative maintenance of these structures [146]. There is a growing need for incorporating
monitoring instrumentations into structures formed from concrete or modern composite
materials. Various types of sensor have been tested for this purpose over the years, the most
common of which is the Electrical Strain Gauge (ESG) [146]. Unfortunately, ESGs are
susceptible to electromagnetic interference (EMI). In addition, the bulky nature of ESGs

makes them unsuitable to be embedded into structures for quasi-distributed strain sensing.

In the past few years, intensive research and development have been carried out on FBG
sensing technologies for smart structure applications [147,148,149,150]. In comparison with
conventional sensors such as ESGs, FBGs have many attractive features that make them well
suited for a wide range of strain measurement applications [151]. They are light in weight,
small in size and immune to EMI. Most significantly, FBGs can be fabricated in array forms
and used to make an optical data-bus network, which can be wavelength-division-
multiplexed. The combination of their multiplexing capability and inherent compatibility
with fibre-reinforced composite materials permits in-fibre Bragg gratings to be embedded in a

number of important structural materials for smart structure applications.
To date, the most highly research areas of fibre grating applications is the measurement of

strain and temperature, separately, and simultaneously. The change in strain or temperature

induced on a fibre can be easily determined from the shift in the Bragg wavelength of a
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grating, AAg, caused largely by stretching or thermal expansion of the fibre. The change in

strain within the fibre is given by [152]

Where, Al is the change in fibre length due to strain, [ is the initial fibre length, AAg is the
difference between the Bragg wavelengths of the strained and unstrained grating, and Az is
the unstrained Bragg wavelength of the grating. £ is the strain optic coefficient, which
describes how the refractive index of the fibre changes with strain. £ has a typical value of

0.78x10° ue’.

Similarly, the change in temperature of the medium surrounding the fibre is [152]
_AA,
/lﬂf( (5.2)

AT

Where, k¥ is the combined thermo-optic coefficient for the fibre which has a value of

6.67x10°K"! for germanosilicate fibre.

From the above equations, it is quite easy to calculate the strain or temperature changes
induced to the grating. It should be noted that  and x vary with material composition of the

fibre.

5.2.1 Compact FBG array sensor

FBG-sensor arrays [153] have been successfully used for a range of smart structure
applications, performing quasi-distributed strain monitoring [154,155]. Most of the
demonstrated FBG-sensor arrays are capable of spatial resolution of typical values ranging
from few centimetres to several meters. However, there are some applications requiring
distributed sensors capable of much higher spatial resolution with relative small sensing
gauge, for instance, crack detection [156]. FBG based high spatial resolution distributed
sensing have been reported by Volanthen et al [157] and LeBlanc et al [158,159]. However,
the interrogation techniques that they used are cumbersome to use for real time measurement,
limiting the practical implementation for applications particularly where there is cross-

sensitivity effects to resolve.
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In this section, an implementation of quasi-distributed sensors that employ compact-grating-
array structure, offering advantages of arbitrary dynamic range, spectral sweeping range, high
spatial resolution and simple interrogation by utilising established WDM technique is
discussed. The sensors have been demonstrated for measuring linearly quasi-distributed strain
with high spectral and spatial resolutions. Indeed, non-linearly quasi-distributed strain can
also be measured using this type of FBG array [160]. This FBG-sensor array interrogation
technique, therefore, offers an advantage of high practicability for real applications. The
additional advantage is that the array can be designed with specific dynamic range, maximum

measurand range, and spatial resolution.

5.2.1.1 Concept of compact FBG-array sensing

The concept of a compact-grating-array is illustrated in Fig. 5.1. The element gratings with
different wavelengths are concatenated along a fibre without any physical gaps. The spatial
resolution and sensing spectral sweeping-range for quasi-distributed sensing from such a
structure are simply defined by the physical length of the element grating and the spectral
spacing between the adjacent gratings respectively. The spatial resolution can be as high as
Imm since now it is possible to produce fibre gratings of such a short length but still with
sufficiently high reflectivity. However, there are some difficulties in the realization of free-
tailoring wavelength, high spectral resolution and incorporating large number of element
gratings. The phase-mask grating fabrication techniques have been advanced to the point that
gratings of versatile structures are possible. It has been demonstrated that by straining fibre
technique, arbitrary wavelength is realizable even by using a wavelength-dedicated phase-
mask [161]. A phase-mask grating fabrication system which is capable of arbitrary
positioning and scanning UV beam on the fibre has been developed through co-operation
with a colleague Dr Y. Liu. The utilization of fibre straining technique on such a system
facilitates compact-grating-array fabrication, capable of generating a structure concatenating

ten element gratings using a five-wavelength patterned phase-mask.

Fig. 5.1: The concept of a compact grating-array indicating period increase.
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5.2.1.2 Features of the compact FBG-array

Two designs of compact-grating-array are proposed using the above described grating
fabrication system. The phase-mask used in the fabrication is a non-commercial product and
produced by the e-beam lithographic technique. The mask contains a group of five Smm-
long concatenated pitch-patterns of different periods denoted by A; (i= 1,2...5), as shown in
Fig. 5.2(a). A direct continuous UV beam scan across this phase-mask will allow for
production of a compact-grating-array consisting of five gratings of Bragg wavelengths from
1548nm to 1562nm with a ~3nm spectral spacing. Fig. 5.2(b) shows a typical transmission
spectrum of such a grating-array structure. It should be pointed out that the slightly large
spectral spacing between the second and third peaks was due to the intrinsic larger period

difference between the two corresponding neighbouring mask patterns. This fibre grating-

array structure can be used for quasi-distributed sensing offering an intrinsic spatial

11

resolution of Smm and a total sensing gauge of 2.5cm.
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Fig. 5.2: Five 5mm concatenated pitch-patterns of phase-mask and the resulting spectra after continuous UV
scan
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In order to increase the spatial resolution, compact-grating-arrays comprising ten 2.5mm-long
FBGs have been fabricated using the same phase-mask. This was achieved by a combination
of straining fibre and dual-scanning of the UV beam along the mask. Prior to the UV
exposure, a strain of 1265.8 u¢ was applied to the fibre, which caused a shift to the shorter
wavelength of Bragg peak by ~1.5nm. Then, the UV beam scan procedure was programmed
in an on-and-off fashion along the phase-mask with a 50% duty cycle as depicted in Fig.
5.3(a). As a result, five 2.5mm-long gratings with 2.5mm physical gap and ~3nm spectral
spacing between them were produced along the fibre. The fibre was then released from the
strain and the second UV beam scanning was performed using the same 50% duty cycle
procedure but with the start-position offset by 2.5mm in order to write the first grating in the
first gap. This second scan produced another five 2.5mm-long gratings situated exactly in the
five gaps, resulting in a final compact-grating-array structure formed by ten 2.5mm-long
gratings with ~1.5nm spectral spacing as shown in Fig. 5.3(b). In comparison with the five-

grating-array structure, this sensor has improved the spatial resolution by a factor of two.
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Fig. 5.3: A spectra of an array of ten 2.5mm gratings designed using on-off UV scan on 5 mask-patterns
and the application of tension to the fibre by computer control
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5.2.1.3 Quasi-distributed strain sensing using compact FBG array

The quasi-distributed strain sensing experiment was carried out by applying linearly
distributed strain to the fabricated grating-arrays. A four-point bending jig was employed to
create distributed strain. Fig. 5.4 shows the geometric configuration of this bending jig. The
fibre containing 2.5cm-long compact-grating-array was attached to the one side of a 0.5mm
thick, 20mm wide and 150mm long spring metal bar. In order to eliminate the slippage effect,
the fibre was glued onto the spring metal bar. The glue used was a commercial Acrylite glue,
which was applied and left to dry under ambient conditions for about 3 days. The bar was
deflected by depressing its centre with a micrometer driver. The deflection distances, h, that
were applied are 0, 2.7, 3.2 and 5.2mm for the five-element array, and for the ten-element
array the ‘h’ values used are 0, 1.5, 2.7, and 3.5mm. According to the geometric
configuration, the bend-induced strain distribution in the spring metal bar is approximately

linear toward the ends of the bar but non-linear in the regions near the centre.

AY

A B, X

Compact-grating-array

A
=+
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Fig. 5.4: Geometric configuration of a four-point bend jig used to generate distributed strain

When the grating-array was subjected to the distributed strain, the Bragg wavelength of each
element grating shifts by an amount according to its physical position along the bent bar. The
two compact-grating-arrays were tested for the linearly distributed strain. Figs. 5.5(a) and (c)
show the transmission spectra of the five- and ten-element grating-arrays respectively, with
(dashed line) and without (solid line) strain. It is clear from the figures that, when the arrays
were under the strain, the central wavelength of each grating shifts and the spectral spacing
between adjacent gratings changes as well. Figs. 5.5(b) and (d) plot the strain (converted

from the wavelength shift) against the element grating number in the array for three deflected
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positions of the spring metal bar, corresponding to three strain distributions. The plots show
that the strain increases with the number of the grating (signifying position) in the array,
clearly reflecting the linear distribution'® of the strain in the spring metal bar. The gradient of

the plot increases when the bar deflects more, demonstrating the effectiveness of such
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Fig. 5.5: (a) The transmission spectra of the 5 element grating-array (with and without linear strain) and (b) the
corresponding linear strain plotted with respect to grating number (c) the transmission spectra of the 10
element grating-array (with and without linear strain) and (d) the corresponding linear strain plotted
with respect to grating number for the 10 element grating

' 1 inearly distributed strain in this case means a linear variation of strain with distance.
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grating-arrays for quasi-distributed strain sensing. Fig. 5.5(d) also shows that the seventh
grating in the ten-grating-array sensor does not fit with the linear plot (straight-line fits) for
the high deflection position of the spring metal bar. This suggests that a slippage might have
occurred on this grating at that time due to the loosen glue. This in a way demonstrates that it
1s possible to measure arbitrarily quasi-distributed strain using such a grating-array structure.
In comparison with the previously reported FBG array quasi-distributed sensing technique
[154], the compact-grating-array approach demonstrated here has achieved ten times higher

spatial resolution.

Non-linearly quasi-distributed strain measurement can be performed by attaching the five-
element grating-array to a position near the centre of the spring metal bar [160]. It should be
pointed out that within its defined maximum measurand range, the element grating in the
compact-grating-array is capable of monitoring arbitrary local strain having both positive
(stretching) and negative (compression) signs, where these two cases will be reflected by shift
of the Bragg peak to the longer or the shorter wavelength respectively. However, the
practical maximum measurand range is limited by the spectral spacing between grating
peaks. In the cases of the five- and ten-grating arrays demonstrated here, by taking the
bandwidth of the gratings into consideration, the maximum measurand ranges of +4539ue
and +2182pe have been estimated for the two structures respectively. Furthermore, although
the spatial resolution can be improved by further shortening the element grating length, the
short grating results in broadening its spectral response, thus reducing the spectral resolution.
However, for applications where ~4-5mm spatial resolution is adequate, the grating

apodisation technique can be employed to improve spectral resolution of the grating-arrays.

In summary, a compact-FBG-array structure, which allows for quasi-distributed strain
sensing of high-spatial-resolution, and simple interrogation has been proposed and
demonstrated. Two configurations involving five and ten gratings have been fabricated and
successfully used to implement a high spatial resolution quasi-distributed strain sensing
system. In comparison with other reported sensor structures and techniques such as that in
ref. [157] which has been applied to measuring strain, within only a single grating, the
compact-grating-array approach may offer a simple and practical solution for real
applications as the WDM FBG sensing interrogation method can be directly applied. In

addition, this structure permits independent design for spectral sweeping range and spatial
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resolution. Further work needs to concentrate on (a) strain analysis in flat structures and
correlating such analysis with the measured results from the FBG array, and (b)

implementing the same scheme with reduced spacing between FBG centres to < Imm.

5.2.2 Sensitivity tailored FBGs for simultaneous measurement of
strain and temperature.

FBGs are ideally suited for monitoring strain in concrete structures as described in
Subsection 5.2.1 due to their small size, low cost, ability to be embedded internally, and
multiplexing capabilities. Much research effort has been reported on the use of FBGs to
evaluate strain in smart structures [162,163]. However, undesirable temperature responsivity
of an FBG can introduce errors in the results of strain measurements. In particular, on a single
measurement of Bragg wavelength shift, it is impossible to differentiate the effects due to
strain and temperature. For example, in Section 5.2.1.3, the use of FBG array for quasi-

distributed strain measurement assumed temperature stability.

In addressing the problem of temperature-induced wavelength shifts, significant efforts have
been made in the use of FBGs for simultaneous sensing (or discrimination between the
effects) of strain and temperature, ranging from splicing of two FBGs and an LPG to make up
a sensor [164], combination of an FBG and a Fabry-Perot interferometric sensor [165], two
superimposed dual-wavelength FBGs [166], two FBGs with each written on either side of a
splice between two fibres of different diameter [167], use of sampled FBG [168], an FBG
combined with EDFAs [169], FBG Fabry-Perot cavities [170], an FBG superimposed with
polarization-rocking filters [171], to an FBG made on a splice between two fibres of different

chemical compositions and refractive index [172].

Whilst most of these methods are based on the combination of either two FBGs or an FBG
with another element, Guan et al’s work [172] is based on the use of a single FBG written on
a splice joint between corning-28 and ErYb fibre of the same diameter. The technique has
significantly reduced cost of the sensing system by permitting the use of only one grating and
a single light source. Unfortunately, in such work, two different pieces of fibres are required.
In addition, the grating is inscribed on a splice joint which reduces the magnitude of strain

that can be measured because of the inherent weakness of splice joints.
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In the work presented in this section, a number of novel FBG-based sensors for simultaneous
sensing of temperature and strain are presented. The FBGs that make-up the sensor was
fabricated in the same piece of fibre that has two different but controlled numerical
aper[urcs” (NAs) at adjacent sections (0.117 & 0.226). The difference in NA (0.11) was
achieved by multiple scan of one section of the FBG with UV light until a large increase in
the effective refractive index (e.g. 0.0176) is realised before either extending the FBG length
or writing another type of FBG at the adjacent section. The FBG possess two main Bragg
reflection peaks that, as will be described herein, have the same strain but remarkably
different (up to 4.5pm/°C differences) but controllable temperature-responses that permit the
simultaneous measurement of the two parameters. These sensors have the added advantage

that they can measure axial strain of large magnitude in comparison to competing devices.

5.2.2.1 Sensing principle and sensor configurations

To produce the sensing device, a number of methods have been adopted. In general the
concept is to produce either one FBG with two parts that have different temperature
coefficients or two types of FBG that are physically not-separated but spectrally
distinguishable and showing two Bragg reflection peaks with different temperature

coefficients.

Both parts of the device are fabricated within the same piece of fibre that has the same core-
diameter, as demonstrated in the typical sensor conﬁgurmt:icm12 shown in Fig. 5.6. Thus, the
axial strain responses of the two peaks are expected to be similar [172]. The contribution to
wavelength shifts from strain and temperature can then be calculated simultaneously using

the well-known matrix equation

Aﬁpeuk L — Ks‘“"“"‘f- KTPM“L (AE ] ......... (5-3)
A/l peak g K Epeak K Teak 4 =

" NA = A/ nfo e n; where 1, and n, are the core and cladding refractive indices, respectively. The change in

the refractive index of the fibre-core has not been measured experimentally, but is almost obvious that there is
increase in the core refractive index in view of the well-known UV absorption effect. The wavelength shift
recorded, however, suggest that the index increase in the core can be up to 0.0125 which suggests that there is a
change in NA at the section of fibre which contains FBG.

"2 Note that there is no physical gap between the two parts of the sensing device.
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Fig. 5.6: The configuration of the strain and temperature sensor

Where, K, ,K, andK, ,K, are the respective strain and temperature coefficients
Epeaty, Epeak Peaky, Peakg

of peak. and peakr (i.e. the main Bragg peaks on the left- and the right hand side,

respectively). A4, and A4

k k

are the respective wavelength shifts of peak, and peakp,
while Agand AT are the applied strain and temperature changes. Clearly, if the strain
coefficients are the same, then the temperature coefficients of the two peaks need to be

different in order for the matrix to have a solution.

5.2.2.2 Inscription of sensors, and measurement of strain and
temperature coefficients

Throughout Section 5.2 terms describing different types or grouping of Bragg gratings are
used. Table 5.1 describes each of the types of grating that are likely to be mentioned in this
sub-section. The name of each of the FBG-type is given in the left column and the

corresponding details are provided in the right column.
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Type Details

Type I These are the most commonly produced FBGs normally fabricated by a
single or few UV scans using moderate laser intensity on a photosensitive,

often hydrogen loaded, fibre.

Type I over-exposed | Over-exposed FBGs are produced in a hydrogen-loaded fibre with many
more UV Scans in comparison to the Type I FBGs. During its fabrication,
there is a continuous-shift towards the longer wavelength before the final
shift to the shorter wavelength. Details of these will become clearer in

Section 5.2.2.2 (Options D & F).

Type II Type II gratings often called the damaged gratings and is produce using
single pulse fluence of high energy (>0.5J/cm®). The grating appears to be
broad and has many spectral features or the grating profile. It has strong

coupling into the cladding.

Type ITIA Type IIA FBGs are produced in a non-hydrogen-loaded fibre with many
more UV Scans in comparison to the Type I FBGs. During its fabrication,
there is usually a slight shift towards the longer wavelength at the onset,
followed by a continuous shift to the shorter wavelength. Details of these

will become clearer in Section 5.2.2.2 (Option C).

Table 5.1: Grating types and their description

The FBG-sensors used in this work were UV-written in both hydrogen (H;)-loaded and non-
H,-loaded B/Ge and H,-loaded standard SMFs using a uniform-period phase-mask and a CW
frequency-doubled argon laser with an output power of 102mW. The inscription was
implemented by scanning the UV beam on the fibre lengthwise through the phase-mask. Each
of the gratings investigated is ~ 15mm in length. Several FBG-sensors were fabricated for the
experiments. After the final inscription, the sensors were annealed at 110°C for 45 hours in

an Oven.

For the experiments discussed in this subsection the FBG components that make up a single
sensor are produced in the same piece, of the same type of fibre. In producing the FBGs that

formed the sensors, six options were tried. These options are:
(A) Multiple UV scan without the phase-mask on H-loaded fibres (B/Ge co-doped and

standard SMF) to produce an FBG followed by a final UV scan that overlap both

the over-exposed and un-exposed parts of the fibre.
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Multiple UV scan without a phase-mask (post-processing) on a newly formed
FBG fabricated in H,-loaded B/Ge fibre.

Multiple UV scan on a non-H;-loaded B/Ge fibre through a phase-mask (to obtain
Type IIA FBG [173]), followed by extension of FBG length during the final UV
scan (to obtain a Type I FBG).

Multiple UV scans on a H-loaded fibre through a phase-mask (to obtain an over-
exposed FBG) followed by the extension of grating length during the final UV
scan (to obtain a Type I FBG).

Double multiple UV scan through the phase mask to produce two FBGs, in both
cases, on the same piece of fibre with no gap between the FBGs, first when the
fibre is H;-loaded (leading to an overexposed FBG), and subsequently after the H,
is removed by annealing (leading to a Type IIA FBG).

Double multiple UV scan through the phase mask to produce two FBGs, in both
cases, on the same piece of fibre with no gap between the FBGs, first before the
fibre is loaded with H, (leading to a Type IIA FBG), and subsequently after the
FBG-containing fibre is hydrogenated (leading to an overexposed FBG). This is

essentially a reverse of Option-E.

Each of the options above was followed with a view to obtaining two FBG peaks that have

different temperature coefficients. In all the fibres, the aim is to raise or reduce the effective

index of the fibre core in the grating section through the use of prolonged UV exposure.

In all of the measurements discussed herein, the spectral responses of the FBG-sensors were

measured using a broadband LED light source and a HP70004A Optical Spectrum Analyser

(OSA) with a resolution of 0.Inm. Furthermore, in all the experiments carried out in this

section to measure strain, the technique explained in Subsection 4.6.1 was followed.

Similarly, the technique explained in Subsection 4.6.2 was followed for measuring

temperature of range 22°C to 102°C.
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Option A:  Multiple UV scan without the phase-mask on H,-loaded fibres
(B/Ge and standard SMF) to produce an FBG followed by a final

UV scan that overlap both the over-exposed and un-exposed parts
of the fibre.

To produce FBG-sensors using this option, a short length of fibre was pre-exposed to UV for
a over 2 hours without phase-mask (~10mm), followed by writing an FBG to overlap both the
non-pre-exposed (~5mm) and the pre-exposed parts of the fibre. As long as a high index
change of the section is achieved, the responsivity of the grating written on such section will
change accordingly'®. The two sides of the same grating have two different refractive indices
leading to the grating having two Bragg peaks: peaki.q (peaky) and peakgign: (peakr) which
are used for the measurements. Figs. 5.7(a) and (b) show the spectral responses of the FBG-
sensor obtained in B/Ge and standard SMF fibres respectively. As expected, positive index
change was induced by the pre-exposure. In particular, the separations between peaky and
peakg of the FBG-sensor were observed to be ~6.44- and ~6.9nm for H,-loaded B/Ge- and

standard telecom-fibres that were pre-exposed for 80 and 185 minutes respectively.
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Fig. 5.7: The spectral responses of Sensorl and Sensor2 produced in H2-load fibre using optionA. (a) in B/Ge
fibre, (b) in standard SMF

Figs. 5.8(a) and (c) on the on the one hand, and Figs. 5.8(b) and (d) on the other plot the
strain and temperature responses of the FBG-sensors 1 and 2 fabricated in B/Ge co-doped and
standard SMF respectively. Each of the dual FBG peaks shifted towards longer wavelengths

with increasing strain yielding similar sensitivities of ~9 x 10™* nm € for the dual FBG peaks

1* responsivity will reduce with index increase, but the relationship is non-linear
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in Hy-loaded B/Ge (Sensorl), and ~8 x 10 nm/ e in respect of dual FBG peaks obtained in
the standard SMF (Sensor2). It can be seen from the parallel nature of the linear-fits that, for
each fibre, similar strain responsivity was recorded clearly due to the fact that the diameter of
the fibre is the same and in fact the strain applied is exactly the same for both parts of the
overlapping grating [172]. The rise in the value of the core refractive index was not sufficient

enough to change the strain-optic coefficient of the fibre.
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Fig. 5.8: Wavelength shift plotted against strain, and temperature for Sensorl and Sensor2; (a) and (b) for
strain measurements, (c) and (d) for temperature measurements

It is also clear from the Figs. 5.8(c) and (d) that the temperature responses are linear, and the

wavelength shifts with respect to temperature for the dual peaks of each FBG-sensor are also
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similar, as indicated by the linear fits. The matrix of coefficients therefore will clearly not be

well-conditioned for the case of the sensors produced using OptionA in either type of fibre.

OptionB: Multiple UV scan without a phase-mask (post-processing) on a newly
formed FBG fabricated in Hy-loaded B/Ge fibre

In this arrangement which is aimed to raise the refractive index of the fibre core, the FBG
was first fabricated in a hydrogen-loaded B/Ge fibre followed by immediate multiple UV
exposure of the grating without phase mask. The multiple exposures led to, first, a shift to the
longer wavelength of the grating peak and subsequently followed by the complete erasure of
the FBG-sensor as shown in Fig. 5.9. With the grating erased, increased number of UV scans
did not yield to any visible change in the grating spectra. Obviously this grating cannot be
used for any sensing application in its erased form. A similar behaviour can be obtained in
the standard SMF-based FBGs owing to the fact that the UV light scanned on the fibre serve
to reduce the modulation depth of the grating.
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Fig. 5.9: The spectral evolution showing the effect of multiple scan (without a phase mask) over the
newly formed Bragg grating in a hydrogen-loaded B/Ge co-doped fibre
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Option C: Multiple UV scan on a non-Hy-loaded B/Ge fibre through a phase-
mask (to obtain Type IIA FBG), followed by extension of FBG length
during the final UV scan (to obtain a Type I FBG)

For this fabrication option, a non H-loaded B/Ge fibre was used to produce an FBG-sensor
via the process of multiple UV scan on the fibre through the phase mask. During the multiple
exposure, the FBG shows no shift of the Bragg peak to longer wavelength despite prolonged
multiple UV scans, instead, a small shift to the shorter wavelength of the FBG peak (by -
0.4nm) was observed after the multiple-scans for ~180 minutes, as shown in the evolution
spectra featured in Fig. 5.10 (each spectrum was recorded at a time interval of 250sec during
UV scanning). This wavelength shift indicates a very small index change, suggesting a Type
ITA FBG. Further extension of the FBG length from 10mm to 15mm during the final UV scan
did not lead to appreciable wavelength separation between the expected, and the existing
Type IIA FBG peak. Therefore this sensor cannot on its own be used for dual parameter

sensing purposes.
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Fig. 5.10: The spectral evolution of Sensor4: a Type IIA FBG in B/Ge fibre produced using Option
C (250sec per spectrum, totalling 180 minutes)

In a separate experiment the temperature response of a Type IIA grating was measured; the
results indicate a temperature coefficient of ~12.24pm/°C which is slightly higher than that of
Type I FBG produced in a Hy-loaded B/Ge co-doped fibre (~11pm/°C).
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Option D: Multiple UV scan on a H,-loaded fibre through a phase-mask (to
obtain an over-exposed FBG) followed by the extension of grating
length during the final UV scan (to obtain a Type I FBG)

This option involves the writing of a 10mm long FBG with a phase-mask followed by
repeated UV scanning exposure under the same condition until an FBG is obtained and the
Bragg peak shifts remarkably to the longer wavelengths, followed by an increase in the

length of the FBG to ~15mm during the final UV scan.

It may be observed in Fig 5.11(a), which shows FBG evolution, that for Hy-loaded B/Ge
fibre, the peak wavelength of the FBG obtained shifts to the longer wavelengths with
increasing number of repeated UV exposures -indicating the inducement of positive index
change. As exposure continues, the grating reached its reflectivity saturation level (>20dB)
with relatively large line-width. The FBG peak then starts reducing in strength and line-width
while ghost modeM, LP;; [174] starts to form at ~ 2.9nm less than the wavelength of the main

Bragg peak and exhibiting some trend characteristics similar to that of the main FBG peak.

As the repeated UV exposure continues both peaks of the FBG reduced to (~0.2dB)
reflectivity level, and attained a maximum shift to the longer wavelength. After the reduction
in reflectivity, both peaks re-grow again with a shift, but this time, to shorter wavelengths
indicating a negatively induced index change. With more UV scanning exposure, the
reflectivity of this over-exposed grating saturates and stopped shifting. After obtaining such a
peak, the length of the FBG is then extended to 15 mm during the final UV scan using a
rather lower UV light intensity (~55mW) which leads to the formation of another grating
peak, peak;, at wavelength ~13nm less than that of the main peak (peakg). The low UV
intensity used is meant to avoid generating a grating with >8dB reflectivity in view of the
high photosensitivity of the fibre. Peaky, corresponds to an ordinary Type 1 FBG obtainable

using a single UV-exposure with a phase-mask.

** This peak did not appear in the reflection spectrum when measured
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Fig. 5.11: The spectral evolution of FBGs obtained in hydrogen-loaded fibres by multiple scan over the fibre
through a phase mask; (a) evolution of over-exposed FBG in B/Ge co-doped, (b) evolution of over-
exposed FBG in standard SMF, (c) the spectral response of the FBG in B/Ge fibre after annealing,
(d) the spectral response of the FBG in standard SMF after annealing. Each of the offset spectra in
(a) and (b) were recorded after 167-, and 250-seconds of UV exposure for the two fibres leading to
a total of 142-, and 180-minutes of scanning exposure respectively.

In H,-loaded standard SMF, a positive index change was also observed as shown in Fig

5.11(b). However, in this fibre, although it was exposed to UV for 83 minutes 1(mger15 than

'* Sensor6 (in SMF) was produce by 250 minutes of UV exposure while Sensor5 (in B/Ge) was produced by
167 minutes.
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B/Ge type the final shift of the FBG peak that indicates the formation of over-exposed grating
was not observed, but as usual a shift was noticed after the scanning has stopped. For this
fibre, the maximum separation between peak, and peakg obtained was only ~ 3.7nm, which
is clearly much less than that observed on the H-loaded B/Ge fibre (~14nm) as shown in the
spectral response displayed in Fig. 5.11(c) and Fig. 5.11(d): Fig. 5.11(c) and 5.11(d) were the
resulting spectral responses after the two FBGs produced in B/Ge and standard SMF
respectively were annealed. It can be deduced, from the UV-induced wavelength shifts, that
with the H-loaded standard SMF, only ~0.00356 index change has been induced. This is
more than three times smaller as compared with the ~0.0125 index change induced in the H,-

loaded B/Ge fibre.

During the strain measurements, the positions of Peak; and Peakr were extracted from each
recorded spectrum and are plotted against the applied strain as shown in Figs. 5.12(a) and (b).
Figs. 5.12(a) and (b) provide plots of the wavelength shifts against applied axial strain for

Sensor5 and Sensor6 in B/Ge and standard fibres respectively.

Similarly, during temperature measurements, the positions of Peak; and Peakr are extracted
from each of the spectral responses and are plotted against temperature, as shown in Figs.
5.12(c) and (d): Figs. 5.12(c) and (d) provide plots of the wavelength shifts against
temperature for the Sensor5 and Sensor6 in B/Ge and standard fibres respectively: the two
fitted lines in each case indicates the best linear fit to the data points. The inset to Fig. 5.12(c)
is the re-plot of the same figure where the origins of the linear fits are brought close to each
other. The inset to Fig. 5.12(b) and (d) in each case shows the spectral responses from which
the plotted data was extracted. It is clear from the figures that for each FBG all the peaks

shifted towards longer wavelengths with increasing temperature or strain.

Whilst Peak; and Peaky belonging to each of the gratings of Sensor5 in B/Ge fibre posses
significantly different temperature sensitivities (7.5pm/°C & 10.8pm/°C), there is almost
insignificant responsivity difference for similar peaks of the Sensor6 obtained with H-loaded
standard SMF (12.55pm/°C down to 12.33pm/°C). Therefore Sensor5 as against Sensor6 can

provide a dual parameter sensing capability.
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Fig. 5.12: Wavelength shift plotted against strain, and temperature for Sensor5 and Sensor6. (a) and (b) for strain
measurements, (c) and (d) for temperature measurement. The inset to (c) is a re-plot of the same figure but
with origins of the linear fits brought closer, the inset to Fig. 5.12(b) and (d) in each case shows the spectral
responses from which the plotted data was extracted

To show that the temperature responsivity of the FBGs can be tailored, another FBG-sensor

(Sensor7) containing a Type I and an over-exposed FBG was produced in the H,-loaded B/Ge
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fibre with exposure durations of 102 minutes'®. The spectral response for this FBG-sensor
after annealing for 45 hours at 110°C is shown in Figs. 5.13 (a) and (b). The separation
between peaky and peakr observed, though slightly less (i.e. ~12nm), in view of the shorter
exposure time, and the FBG responsivity go along to confirm the repeatability of the
inscription process. The ability to re-produce FBGs with low temperature responsivity clearly
demonstrates the repeatability of the fabrication process. In addition, it also shows the
flexibility of the method because the amount of UV exposure can determine the reduction in

temperature responsivity of the FBG.
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Fig. 5.13: Wavelength shift plotted against strain and temperature for Sensor7 produced in B/Ge. (a) for strain
measurements; the inset is the spectral response of the sensor at 0 LE, (b) for temperature

measurement; the inset is a re-plot of the same figure but with origins of the linear fits brought closer

The strain and temperature response of this FBG-sensor are plotted in Figs. 5.13(a) and (b)
respectively. The inset to Fig. 5.13(a) is the spectral response of the sensor at 0 €. The inset
to Fig. 5.13(b) is a re-plot of the same figure but with origins of the linear fits brought closer.
It clearly indicates the difference in temperature coefficients of the FBGs used for the sensor

—enabling the strain and temperature effects to be discriminated.

' Sensor7 is basically similar to Sensor5 but made using less UV exposure duration.
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Option E: Double multiple UV scan through the phase mask to produce two
FBGs, in both cases, on the same piece of fibre with no gap between
the FBGs, first when the fibre is Hs-loaded (leading to an
overexposed FBG), and subsequently after the H, is removed by
annealing (leading to a Type IIA FBG)

Following the post-processing without a phase mask, another over-exposed grating of the
type shown in Fig. 5.11(a) was produced using multiple scanning of the hydrogen-loaded
B/Ge fibre through the phase mask. The grating was then annealed for 45 hours at 110°C to
remove un-reacted hydrogen. After annealing for about 45 hours a second grating was
subsequently produced within the same piece of fibre without re-hydrogenating the fibre, i.e.
a Type IIA FBG. This was produced using a phase mask pattern that allows for producing an
FBG that is located spectrally near to the first FBG. This grating was produced through
multiple UV scan, and the evolution during the second set of UV exposures is shown in Fig.
5.14. It can be seen in the figure that due to the residual hydrogen (that remained in the fibre
after annealing of the first over-exposed grating) the Type IIA grating gradually shifted to the
longer wavelength before finally shifting back to its original wavelength in line with its usual
characteristics. Here it can be seen that because the shift of the Type IIA FBG is so small,
when there is an overlap, it can prove difficult to separate the two peaks by way of further

UV exposure.
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Fig. 5.14: The spectral evolution of a Type IIA FBG written physically- and spectrally- adjacent to
the over-exposed FBG earlier formed in a hydrogen-loaded B/Ge co-doped fibre through
multiple UV scans over the fibre through a phase mask
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In view of the lower temperature responsivity of the over-exposed (~7.5pm/°C) FBG in
comparison to Type IIA (~12pm/°C), it can be inferred that this sensor is capable of

measuring strain and temperature simultaneously.

Option F: Double multiple UV scan through the phase mask to produce two
FBGs, in both cases, on the same piece of fibre with no gap between
the FBGs, first before the fibre is loaded with H, (leading to a Type
IIA FBG), and subsequently after the FBG-containing fibre is
hydrogenated (leading to an overexposed FBG). This is essentially a
reverse of OptionE.

In Fig. 5.15 the spectral evolution of two FBGs written side by side physically is shown
(Sensor9). The idea is to have the gratings both physically and spectrally close to each other.
The procedure used is simply the reverse of that used in producing the Sensor8, shown in Fig.
5.14. A type ITA FBG was initially produced in the non-hydrogen-loaded B/Ge fibre at
1567nm wavelength. This Type IIA grating was produced using several UV scans on the
fibre through the phase mask'’. The fibre containing the Type IIA FBG was subsequently

hydrogen-loaded. The second grating was then fabricated physically adjacent to the first
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Fig. 5.15: The spectral evolution of Sensor9 showing the formation of over-exposed FBG after the
inscription of a Type IIA FBG in B/Ge co-doped fibre by multiple UV scans over the fibre
through a phase mask.

'7 Similar to that shown in Fig. 4.10
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grating (with no gap) using a phase mask pattern that initially produced a grating at 1552nm
wavelength, but following the repeated exposure the new grating shifted to the longer
wavelength up to 1566nm as seen in the figure, and then with further exposure, there was a
slight final shift to the shorter wavelength. This (second) FBG is similar to that shown for the

over-exposed FBG in Fig. 5.11(a).

It can be seen in Fig. 5.15 that the LP;;mode appears at wavelength less than that of the

Bragg peak of the over-exposed FBG. In addition the broad loss peak at 1552 nm (labelled as
FBG alignment) is related to a very short grating (obtained in error) for which there was no
multiple exposure (<1mm). This peak is the result of the initial UV light scanning beyond the
desired length of the grating. Clearly the devices i.e. Sensor9 shown in Fig. 5.15, and Sensor8

in shown in Fig. 5.14, are similar, but contain FBGs that are produced in reverse order.

The results of strain and temperature measurements using Sensor9 are shown in Figs. 5.16 (a)
and (b) respectively. The inset in each case shows the spectral responses that were plotted in

the main figures.
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Fig. 5.16: Wavelength shifts for Sensor9 produced in B/Ge fibre plotted against (a) strain, and (b) temperature;
the inset in each figure show the spectral response of the sensor from which the plotted data was
extracted

The difference in the temperature coefficients (11.81-7.97pm/°C) coupled with the similarity

of the strain coefficients (~0.00081 nm/ ue) of the main Bragg peaks of Sensor9 clearly
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suggest that strain and temperature contributions to the wavelength shift can be easily

calculated using matrix equation (eqn. 5.3).

Table 5.2 provides summarised list of the sensors used, the fabrication methods adopted and

the figures in which the spectral responses of these sensors are displayed.

FBG Name | Type of Fibre Used Writing Option | Fabrication Evolution | Annealed
Spectrum
SENSOR1 H;-loaded B/Ge OptionA - Fig. 5.7 (a)
SENSOR2 Hj-loaded standard SMF | OptionA - Fig. 5.7(b)
SENSOR3 H,-loaded B/Ge OptionB Fig. 5.9 -
SENSOR4 Non-H,-loaded B/Ge OptionC Fig. 5.10 -
SENSORS5 H;-loaded B/Ge OptionD Fig. 5.11(a) Fig. 5.11(c)
SENSORG6 H;-loaded standard SMF | OptionD Fig. 5.11(b) Fig. 5.11(d)
SENSOR7 H,-loaded B/Ge OptionD - Fig. 5.13(a)
SENSORS H,-loaded B/Ge OptionE Fig. 5.14 -
SENSORY9 H;-loaded B/Ge OptionF Fig.5.15 Fig. 5.16(a) & (b)

Table 5.2: List of FBG-sensors, fibre used, and the fabrication method adopted

5.2.2.3 Performance as dual parameter sensor

In Table 5.3 the temperature and strain coefficients for some of the sensors are listed. It is

, the

necessary to stress that for those sensors where K, = K,
eaky (!

and K;
R Peaky,

T.Pea&R
determinant of the matrix of coefficients is not zero (|[K] # 0). In other words, the inverse of
the matrix K is defined. Solving eqn. (5.3) can clearly yield values for strain and temperature

simultaneously.

It can be observed that SensorS offer the best performance: its condition number is the
nearest to 1 (one). This highest performance stems from showing the largest difference in the
temperature coefficients of the sensor peaks. The performance of Sensor9 almost matches
that of Sensor5 even though the temperature coefficient of the over-exposed FBG has not
been reduced to the same value as that of a similar peak (Peakg) in Sensor5. By comparing
these two sensors, it can be deduced that since the Type IIA FBG provides the highest

temperature coefficient in comparison to Type I (as seen on Sensor4), and the overexposed
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FBG used for Sensor5 can provide the temperature coefficient as low as 7.5 pm/°C, then the

combinations used for either Sensor8 or Sensor9 are more likely to offer a better sensor.

Sensor | Parameter Peak;, Peaky Condition no'". of K | Relevant Fig.
Sensorl | Strain, K, 8.62 x 10 nm/ e | 8.54 x 107 nmi e Fig. 5.8(a)
Temperature Ky | 9.76pm/°C 10.32pm/°C 362.40 Fig. 5.8(c)
Sensor2 | Strain K, 8.46 x 10" nml pe | 8.34 x 10° nm/ e Fig. 5.8(b)
Temperature Ky | 12.01pm/°C 12.7pm/ °C 421.70 Fig. 5.8(d)
Sensor4 | Strain K, 8 x 10°* nml ue - - -
Temperature K+ | 12.24pm/°C - R
Sensor5 | Strain, K, 8.84 x 10 nm/ ue | 8.86 x 107 nm e Fig. 5.12(a)
Temperature Ky | 7.5pm/°C 10.82pm/ °C 60.10 Fig. 5.12(c)
Sensor6 | Strain, K, 8.26 x 107 nm/ e | 8.29 x 10™ nml ue Fig. 5.12(b)
Temperature Ky | 12.5pm/°C 12.33pm/ °C 1740.4 Fig. 5.12(d)
Sensor7 | Strain K, 7.82 x 10™ nml ue | 7.83 x 10° nmd e Fig. 5.13(a)
Temperature Ky | 9.17pm/°C 10.92pm/ °C 150.48 Fig. 5.13(b)
Sensor9 | Strain K, 8.09 x 10 nm/ ue | 8.14 x 10™ nml e Fig. 5.16(a)
Temperature K¢ | 7.97pm/°C 11.81pm/°C 66.60 Fig. 5.16(b)

Table 5.3: Temperature and strain coefficients for Bragg peaks left and right

Since FBGs of different temperature sensitivities can be fabricated in the B/Ge fibre through
these processes and it has been demonstrated that FBG peaks in this fibre can have
sensitivities ranging from 12.24 down to 7.5 pm/°C depending on (a) the H; content of the
fibre and (b) the level of UV exposure used, then this clearly suggests that the FBG

responsivity can indeed be tailored to suit certain requirementlg.

In summary, this subsection has successfully demonstrated the design and applications of
novel FBG-sensors for simultaneous measurement of strain and temperature. The dual-
parameter sensing functionality of the sensors originates from their unique configuration of
having two Bragg reflection peaks that exhibit the same strain- but different temperature-
responses. Temperature sensitivities ranging from 7.5 to 12.24pm/°C were achieved for the

sensors written in B/Ge fibre with different UV exposure time. This clearly indicates that the

18. Condition number provides a measure of responsivity of the sensor to data errors. It gives an indication of
the accuracy of the sensor. Value near 1 indicates a well-conditioned matrix.
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responsivity of the grating peaks can be tailored. The advantages of simple fabrication,

tolerance of large strain effects and more importantly, the use of a single light source for

interrogation offers the prospects of the development of practical temperature independent

strain sensing system.

It is however necessary to note that there are potential problem areas when dealing with

Bragg grating sensors. These problem areas have been described in ref. [175] as:

a)

b)

d)

€)

Spectral overlap —where two adjacent spectra over-shadow each other (i.e. cross talk)
particularly when multiplex over a single piece of fibre. Here, there is likely to be
both signal addition and some signal may pass through twice or more in the gratings

because of reflection back and forth.

Side-band over-lap with grating peak —here, if the side-lobes of a grating are strong
and the over-lap the next central Bragg peak, or if the light-source has side-bands
whose spectra over-lap that of another grating peak, then measurement errors could

result.

Effect of spatially varying field —In an arrangement where the grating spectral peaks
are considered for interrogation, then should there be a non-uniform field of say,
strain within the different points in a single grating, this may lead to the broadening or
spectral distortion of the symmetry of the narrow reflective peak. Error could then

emerge. However, centroid measurement should minimised errors from this effect.

Variation with the wavelength of the optical sources or components —here, for
example, if the light source output is not flat, because what is observed on the display
is the combined effect of the interaction between grating and the source, then a broad
grating peak might appear narrower, or the slope of the transmission depth might

appear different from reality.

Polarization effect: if the gratings are birefringent, then two peaks will result with
each corresponding to one polarization mode. It is also known that birefringence in

grating can result from many sources such as those from side illumination, oval

19. Tailoring responsivity is important because both sensing and telecommunications applications require
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shapes in the core or cladding, and the applied transverse perturbations etc. But,
where the detector measure only the intensity changes, the grating-based polarization
will not lead to errors. However polarization from other components could well lead

to errors.

In the next section, discussion will focus on the use of grating whose period is far larger than
that of Bragg grating (i.e. LPG). This type of grating possesses much higher responsivity to a
number of parameters such as bending, temperature and refractive index, in comparison to

FBG.

5.3 Long Period Grating (LPG) sensors

Long-Period fibre Gratings (LPGs) have the intrinsic property that allow them to couple light
between the core and cladding modes of an optical fibre. LPGs have gained increasing
popularity for applications in the sensing area [73]. Their various properties have been
exploited for use in gain equalization/flattening of Er-Doped Fibre Amplifiers (EDFAs)
[176], temperature/strain/refractive-index sensing [177,178], thermally [179] or electrically
[180] controlled tuneable filters. In addition, Bhatia et al [181] has reported on the use of an
LPG cladding mode of high resonance order along with another cladding mode of lower
resonance order for simultaneous measurement of strain and temperature. In comparison with
FBGs, LPGs offer a number of additional advantages, including easy fabrication, low levels
of back-reflection and high temperature responsivity, which render them more desirable for

some special applications.

This section describes work on the fabrication and sensing application of LPGs inscribed in
three different types of fibre. The LPGs are shown to be capable of various sensing
applications such as simultaneous measurement of strain and temperature using a
fundamental mode of lower resonance order (ILng) and a higher resonance order, second
diffraction order mode (*LPy7) of a single LPG in B/Ge co-doped fibre. Analysis of the
simultaneous measurement of strain and temperature is followed by a brief discussion on a
unique and yet unreported, experimentally observed, responsivity characteristics of LPG in

B/Ge fibre. Here, focus was made on a highly responsive cladding mode that is located

varying degree of FBG temperature-sensitivity.
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within the set of fundamental modes. This mode exhibits a wavelength shift in the opposite
(i.e positive temperature coefficient) direction to that of the fundamental mode ILPOG (i.e

negative temperature coefficient) of the same LPG that is located close to it.

Further discussion focused on the use of yet another experimentally un-observed fundamental
mode of LPG, this time in standard SMF. This special fundamental cladding mode is
demonstrated to be capable of simultaneous measurement of temperature and other physical
parameters. In this section the special cladding mode is used with a second order cladding
mode of high resonance order to simultaneously measure temperature with strain, curvature
or SRI. Finally, a discussion on the use of LPGs in 3-layer fibre to simultaneously measure

SRI and temperature is addressed.

It is well known that the resonance wavelength, A, of an LPG with a period A is determined

by the phase-matching condition [176]

Ares =] —nf IAIN (5.4)
Where, nZ andn  are effective indices of the fundamental core mode and the m™ cladding

mode, respectively, and N is the harmonic diffraction order. The number N determines
whether or not the mode considered is fundamental or a harmonic. The temperature, axial
strain and SRI responsivity of the resonance wavelengths of the LPG can be expressed,

respectively, as [73]

d/lres ‘fcon?g‘ = gdnz{m (5 5)
_d}_ = /Ire,r Yol + off off )
Mo _nc!,m
d/l"'res =1 . y-(l+ ﬂm”?g - Urf?ffm ) (56)
e A
2
dﬂre.s' =1 Ly um"ﬁesnSRI (57)
res
s 87 (n ~ nﬁfm )G —ngr)*"
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Where, &,, & and Mo, M are the thermo-optic and elasto-optic coefficients of the core and
cladding materials, respectively, up is the m™ root of the zero-order Bessel function of the

first kind, r¢; and ng are the radius and the refractive index of the fibre cladding, respectively.

« is the thermal expansion coefficient of the fibre, y describes the waveguide dispersion and

is defined as [73,182]

dA,, (5-8)

Y=—%5

nd —p¥

co cl.m
y is the 'general sensing factor' that mainly determines the responsivity of cladding modes of
the LPG. It is also used to identify the cladding modes that shift either to the longer or the

shorter wavelength with changes in external perturbations to the LPG [73,182].

Eqn. (5.5)* can be written as.

dA (5.9)
—= =4 -7 (@+T
dT res Y ( )
Where,
con:f B C!n:.fﬁm (5-10)
F = eff eff '
n’m  elm

In general, & is << I for silica-based fibres. Thus, from eqn. (5.9) it can be deduced that the
temperature response of an LPG is largely dependent on the term of the product y- 7. If the

product is negative, the wavelength shift is to shorter wavelength otherwise it is to the longer.

Dr X. Shu helped to generate the raw data for the values of yand I', using egns. 5.8 and 5.10
and his own program, for two different types of fibre: the standard SMF and B/Ge co-doped

fibres. The computer generated data for the values™ of y and T for the first 30 cladding

2 This equation was obtained by the author’s colleague, X. Shu following the earlier work of T.W. MacDougall et al [182].
A Equations based on weakly guiding approximation, were used for the calculations. The fibre specifications used are; the

standard SMF with the core doped by 4.1m%GeO,, having &,=7.97x10°%/°C and core radius r.,=4.2um. The other is the
B/Ge co-doped fibre with the core doped by 9.7m%B,0; and 4.03m%GeO,, having £,=7.3%10°%°C and r.,=3.8uum. Both
fibres were assumed to have a pure silica cladding with &£=7.8x10°%°C [215], radius r,=62.5um, and an average UV

induced core index change of 4x10™.
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modes have been plotted by the author against the mode order in Fig. 5.17: the figure shows
the values for y and I" for B/Ge co-doped fibre, and for the standard SMF. y values are
indicated by the left vertical axis, and I' indicated by the right vertical axis. For both fibres
the parameter y exhibits a similar trend pattern, which is characterised by a flip-flop feature,
emerging at regions of different mode order. y changes the sign from positive to negative in
this region, suggesting that high responsivity may be achieved for LPGs by choosing the

modes with the orders close to this region.

Also shown in the figure, I'-value increases for B/Ge co-doped fibre and on the other hand,
decreases for standard SMF as mode order increases. Nevertheless, even for the same mode
order, the values of |I'| for the B/Ge co-doped fibre is much larger than that of the standard
SMF.

As described above using eqn. (5.9) the temperature responsivity of a resonant mode is
predominantly determined by the y-/". Hence, an overall higher thermal responsivity can be
expected from the LPGs produced in the B/Ge fibre in view of the larger values of |['|. Note
that for the two fibres thermo-optic coefficients of their core are significantly different
(£.,=7.97x10%/°C for standard telecom fibre, and &£,=7.3x10°%/°C for the B/Ge co-doped
fibre). Since, the thermo-optic coefficient for cladding is §C;=?.8><10'6/°C for both cases, then
I' is negative for B/Ge fibre and positive for standard telecom fibre. At the Flip-Flop region,
the product y -/ attains much higher values, thus, the responsivity is highest around this
region. Further explanation to high responsivity of LPG in this region can be given by
considering the slope of dispersion curves. This will be further explained in Sub-section

5.3.1.3 (B) where slopes of associated dispersion curves are considered.
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Fig. 5.17: Calculated variation of yand I"with mode order (a) for B/Ge co-doped optical fibre, and (b)
Sfor the standard SMF.

5.3.1 LPGs with harmonic-order cladding modes for sensing
applications

In addition to the theoretical responsivity characteristics of LPGs discussed using Fig. 5.17
the fabrication of LPGs have been discussed in Chapter 2 where the main focus was on LPGs
showing only the fundamental cladding modes. If the induced index corrugations in the fibre
core are square-shaped this gives rise to harmonic cladding modes [183]. Grubsky et al [183]
has described the process through which such harmonic coupling can be either reduced or
completely eliminated by using various UV exposure envelop. If the grating is designed for
specific applications that require only the fundamental modes to appear, then, Grubsky’s
technique can be employed to suppress the harmonics, otherwise, as demonstrated in this
subsection, such harmonics can be put to an advantageous use for simultaneous measurement

of strain and temperature.

5.3.1.1 The identification of harmonic LPG cladding modes

One of the LPGs used to demonstrate the appearance of harmonics was UV-written in

hydrogenated B/Ge co-doped fibre using a 244nm Fred laser with an output power of
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105mW. The inscription was implemented by scanning the UV beam on the fibre lengthwise
in a point-by-point manner with a 50% duty-cycle using a computer-controlled UV-light
shutter. An LPG of length 2.9cm was fabricated using 69 UV exposure samples leading to a
period 421 um . After inscription, the piece of fibre containing the grating was annealed at

115°C for ~64 hours in an oven.

The spectral response of the LPG obtained is shown in Fig. 5.18 where two sets of cladding
modes can be seen: for ease of identification, a vertical dotted line separates the two sets. The
resonance wavelengths of both sets of cladding modes NLPm (1=2,..7,N=1,2) is governed by
the phase matching condition of eqn. (5.4), with N= 1 for the fundamental cladding modes
(located on the right-hand side of the dotted line) and N = 2 for the second order harmonic
modes (located on the left-hand side of the dotted line). It is noted that because the effective
indices of the core and cladding are dependent on the dispersion properties of the fibre, the

second order harmonic modes will not always appear at half the resonance wavelength of the

fundamental modes .
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Fig. 5.18: Spectral responses of LPG of 421 yum-pitch in B/Ge co-doped fibre showing the fundamental
and harmonic cladding modes of second diffraction order.

22 See ref. no.18 on the author’s publication list in Appendix 1 for further details
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The study of the LPGs displaying dual diffraction order mode was not limited to those
fabricated in B/Ge co-doped fibre but also extend to the type obtainable in standard SMF.
Indeed, the LPGs in standard SMF are shown herein to exhibit both fundamental and second

diffraction-order cladding modes within the spectral range of the OSA.

Table 5.4 provides the fabrication details relating to each of the LPGs produced in the
standard SMF for this investigation. In all the four LPGs, the second diffraction order modes
were observed. As an example, the spectral responses of LPG1 and LPG3 are shown in Figs.

5.19 and 5.20 respectively. In each spectrum, two sets of cladding modes can be seen: again,

LPG Fibre type Period | No. of | Approx. uv scan | Presence of | Presence
designation (4m) | samples | length (mm) speed (mm/s) | harmonics of 'LPgy.
LPG1 Standard SMF | 390 77 30.04 0.080 Yes Yes
LPG2 Standard SMF | 470 65 30.55 0.050 Yes Yes
LPG3 Standard SMF | 480 63 30.24 0.065 Yes Yes
LPG4 Standard SMF | 490 62 30.38 0.070 Yes Yes
Note: All these LPGs were written in hydrogenated standard SMF using a laser via a point-by-point method with
a 50% dury-cycle and gratings were annealed at 115 °C for ~64 hours.

Table 5.4: LPGs in standard SMF and their fabrication details

for ease of identification, in each of the figures a vertical doted line separates the two sets.
The cladding modes NLPg (i = 2,...7, N=1,2) of fundamental order (N= 1) are seen on the

right-hand side of the dotted line and of harmonic order (N = 2) are located on the left-hand

side of the dotted line).
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Fig. 5.19: Spectral responses of LPGI of 390%™ -pitch in standard fibre showing fundamental
modes and the harmonic cladding modes of second diffraction order with a broad weak
cladding mode believed to be TLP0,; located between the sets.
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Fig. 5.20: Spectral responses of LPG3 of 480 ym -pitch in standard fibre showing fundamental

modes and the harmonic cladding modes of second diffraction order with a broad "LPg,;
peak located between the sets. The inset shows the spectral response of the same LPG
recorded at different time indicating the unstable nature of the feature labelled ‘s’.

Although both LPGI1 and LPG3 were fabricated in standard SMF the spectrum of LPG3,
shown in Fig. 5.20, depicts more clearly some rather unusual but interesting features in the
region 1050 to 1300nm: whilst the feature labelled 's' is associated with the light source
used23, the broad loss peak located at ~1244nm is an LPG peak, labelled lLPozL. The inset
shows another spectral response for the same grating portraying the unstable nature of °s’.
The peak 'LPgy; appears in LPGs written with a certain range of periods in the standard SMF
used. Interestingly, the broad peak 'LPgy did not appear in the LPG of 421 umpitch

fabricated in B/Ge co-coped fibre. Further details relating to 'LPgs. are discussed in

Subsection 5.3.1.3.

Fig. 5.21 shows the spectrum of LPGI1 re-produced for the purpose of explaining further

spectral details: the inset shows the spectral responses of second diffraction order mode *LPos

125



Chapter 5 — Sensing applications of fibre gratings

of the LPG to temperature in the wavelength range 960 to 1030nm for temperature changes
from 22 to 57°C. The small peaks labelled a4 and as as well as by-bs are related to either
asymmetric or high diffraction order modes in the fibre cladding. The temperature coefficient
of the second diffraction order mode 2LP{]6 of LPG1 is evaluated to be 65.64 £+ 0.04pm/°C and
for the fundamental mode lLP{)ﬁ the value is 66.1 + 0.73pm/°C. Given the temperature
responses of the two peaks shown in the inset it can be concluded that the small peaks belong

to resonance order lower than that of the modes at Dispersion Turning Point (DTP).
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Fig. 5.21: Spectral response of LPGI: the inset shows the spectral responses of two second diffraction
order modes of the LPG to temperature changes in the wavelength region 960 to 1030nm.

5.3.1.2 Using the fundamental and harmonic modes to measure strain
and temperature

The LPG shown in Fig. 5.18 has highlighted a number of interesting LPG properties: a high
resonance order harmonic mode (*LPgy;) is located very close to the fundamental cladding
mode 'LPg; such that the two neighbouring peaks offer the potential for interrogation using a
single light source. For this reason such peaks have been selected to demonstrate the

simultaneous strain and temperature measurement.

23. This was verified by the disappearance and unstable characteristics of the feature as exemplified in the
inset to the figure.
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Fig. 5.22 (a) shows the temperature responses of two modes “LPy; and 'LPy; of the LPG. It
can be seen in the figure that the two modes are located ~50nm apart in the wavelength
region 1200 to 1310nm and they exhibit a large difference in temperature coefficients. This
property can be exploited so that the peaks can be used for the simultaneous measurement of
temperature and axial strain. Fig. 5.22(b) shows the plot of the wavelength for the two modes
against temperature: the coefficients obtained from the linear fits to the data points are —
269.13 +5.4pm/°C and -146.24 + 3.3 pm/°C for the cladding modes “LPy; and 'LPp,,

respectively.

1281-
-146.24+3.3pmC
e 1278
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: : ]
& = 12301
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12274 n 'LP
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Fig. 5.22: Spectral responses of an LPG in B/Ge fibre with respect to temperature in the wavelength region 1200
to 1310nm showing (a) modes °LPy; and 'LP,, at three temperature values (b) the spectral positions of
the modes *LP,; and ' LP,, plotted against temperature.

Similarly, the strain response of these peaks have been investigated and the results are shown
in Fig. 5.23: Fig. 5.23(a) shows the response with respect to axial strain values 0, 2000 and
4800 ue , and Fig. 5.23(b) shows the plots of the shifts of the peak wavelength of the two
modes against applied strain. As can be seen on Fig. 5.23(b), the axial strain responses are

1.29 +0.02pm/ e and 0.58 £ 0.015pm/ e for modes *LPy; and lLP(}Z respectively.
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Fig. 5.23: Spectral responses of an LPG in B/Ge fibre with respect to axial strain in the wavelength region
1223 to 1292nm showing (a) modes *LPy; and 'LP,; at axial strain values 0, 2000 and 4800 UE (b)

the spectral positions of the modes *LP,; and ' LP,, plotted against axial strain.

Table 5.5 shows the list of the strain and temperature coefficients (k, and k. ) for the modes

2LP07 and 1LPOZ of the LPG. The values for axial strain and temperature can be evaluated by

solving eqn. 5.11 which contains the matrix of the coefficients

Grating Parameter ‘I Poy 1Py
IPG in | Stain K, 1.29 + 0.02pm/ UE 0.58% 0.015 prv L€
B/Ge fibre (Tre oerature Ky | -269.13 £ 0.54pm/°C —146.24 % 3 3pm/°C

Table 5.5: List of parameters used for simulations

MQLPO? Kfzu:m KT;LPOT Ae
=l o Al e 5.11
MLPO K€1LP0‘3 KT;LP(]?. AT ( )

Clearly, by using the coefficients listed in Table 5.5 as

Morpoy (129 —269.13) (As
poy) \058 -058 JlaT) ¢ (5.12)
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The inverse of matrix of eqn. (5.12) can be used to calculate the separate values for axial
strain and temperature changes leading to a condition number 2881.9. It is noted that

208.63 ue =1°C for peak *LPy; and 253.14 e =1°C for peak 'LP,.

Similarly, LPGs in standard SMF can be used to achieve a simultaneous strain and
temperature sensor. This can be accomplished by selecting any two cladding modes, one
from fundamental set, and the other from the second diffraction order set. The measurement
can easily be carried out using the two light sources. In comparison to the B/Ge fibre-based
experiment, it can be seen in Fig. 5.21 that a high resonance order harmonic mode (ZLPOG) is
located very far from the fundamental cladding mode 'LPy, (>200 nm) such that the two
peaks offer less potential for interrogation using a single light source. For this reason such
peaks have not been selected to demonstrate the simultaneous strain and temperature sensing
potentials of the LPG in standard SMF. In Subsection 5.3.1.3 (B), a newly observed
fundamental mode (see "LPy, in Figs. 19 and 20), which is located spectrally closer to the
harmonic modes in comparison to the ' Ps, cladding-mode, is demonstrated to be useful for

the simultaneous strain and temperature measurement.

5.3.1.3 Additional sensing properties of LPGs with harmonics

In this subsection additional properties of the LPGs with harmonics are investigated. In both
B/Ge co-doped and standard SMF, additional cladding modes showing previously unreported

characteristics are described.

(A) The sensing characteristics of LPG harmonic mode of high resonance
order in B/Ge fibre

The observation of a unique and yet unreported experimentally observed responsivity
characteristics of an LPG in B/Ge co-doped fibre is discussed. Here, an LPG cladding mode
(labelled *LPgy in Fig. 5.18) that is highly responsive to temperature and SRI is seen within
the set of fundamental modes (in the wavelength region 1500 to 1700nm). This cladding
mode (*LPg,) exhibits reverse characteristics when compared with that of the observed

fundamental as well as second diffraction order cladding modes: Whilst both of the observed
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fundamental and harmonic modes shift to the shorter wavelength as the temperature or the

SRI increased®, this peak does exactly the opposite (i.e., it shifts to the longer wavelength).

Indeed, at the dispersion turning point region [73] grating peaks are known to separate further
with increases in temperature (or the SRI), for this grating, the peaks at ~1560nm and
~1625nm are seen to converge with increase in temperature from 22 to 57°C, as shown in the
inset to Fig. 5.24. The inset depicts the spectral responses of the device with respect to
temperature in the wavelength ranges 1525 to 1680 nm. The narrow peak at ~1560nm has a
temperature coefficient of 241.13pm/°C while the other at ~1625nm exhibit a coefficient of -
335.6pm/°C.
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Fig. 5.24: Spectral response of an LPG in B/Ge co-doped fibre: the inset depicts the spectral
responses of the device with respect to temperature in the wavelength range 1525 fo
1680nm.

When the same LPG was exposed to oils of different refractive indices, the same peaks are
observed to fully converge (at SRI=1.40) but with further increase in the SRI the peaks

eventually cross over each other, as shown in Fig. 5.25.

The behaviour of these two closely located high order peaks need to be further investi gated”.

To the author’s knowledge, the LPG peak at ~1560nm represent the first demonstration of a

* SRI increased not beyond the index of the cladding.

130



Chapter 5 — Sensing applications of fibre gratings

single narrow and highly responsive longer wavelength shifting®® mode located in between all
shorter wavelength shifting fundamental modes of the same LPG inscribed in B/Ge co-doped
fibre. It is however believed that the narrow peak that shifted to the longer wavelength
belongs to a set of cladding-modes that are of higher diffraction order and its resonance order
is also higher than that of the peak that shifted to the shorter wavelength. The peak labelled 'k'
is believed to be the short wavelength shifting branch of the usually broad LPG fundamental
cladding mode located near to the dispersion turning point. The practical limitations of the

HP70004A OSA clearly limit the ability to verify this assertion.
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Fig. 5.25: Spectral responses an LPG in B/Ge co-doped fibre with respect to changing SRI showing
one mode at 1560nm shifting to the longer wavelength by 130nm and the mode at 1625nm
shifting to the shorter wavelength by 45nm for SRI increased from 1.00 to 1.46. Peak 'k'is
believed to be the short-wavelength shifting branch of the mode located near the
dispersion turning point.

(B) Fundamental cladding mode 'LP0, in standard SMF and its use for
sensing:

In applications such as gain flattening, the responsivity of a fibre grating device to external
perturbations such as bending, temperature, strain and the SRI is not particularly desirable
because, for example, the recoating of an LPG with a material of high index of refraction can
shift the wavelength and also reduce the depth of the transmission loss bands thereby limiting

the device's capability for use in sensing and gain equalization. Index insensitive LPGs that

%% If the strain coefficients of the two peaks are equal then the change in spacing between the peaks should
provide a direct measure of temperature, thus, leading to an LPG index or temperature sensor with intrinsic
strain compensation.
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are capable of addressing such a problem have been demonstrated in [184] and another
solution is proposed in Subsection 5.3.2: in both works, a special fibre had to be used. Whilst
in Subsection 5.3.2 a series of cladding modes of an LPG fabricated in a double-cladding
fibre are demonstrated to be index-insensitive, in [184] a Dual Shaped Core (DSC)
Dispersion Shifted Fibre (DSF) was used to inscribe an LPG that exhibits a 'strong first peak'’
that has no responsivity to SRI. To the author’s knowledge, the origin of this index-
insensitive LPG peak obtained in DSC-DSF has not been identified. In this work, it is
demonstrated that a similar feature can be obtained in a standard SMF (see, for example, Fig.
5.20). Fig. 5.20 has revealed, more clearly, LPG features in the region 1050 to 1300nm:
again, the broad loss peak located at ~1244nm is an LPG cladding mode labelled 'LPg,.. The
peak 'LPp,_ appears in LPGs written with a certain range of periods in the standard SMF
used. Typically such a peak appear broadly and clearly in LPG with period from 470 to
490 um as shown in Fig. 5.26
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Fig. 5.26: Spectral responses of LPG2, LPG3 LPG4 in standard SMF showing the fundamental
mode 'LPy,; appearing at different wavelength for LPGs of different periods

Interestingly, the broad peak 'LPg does not appear in any of the LPGs fabricated in B/Ge
co-doped fibre under similar fabrication conditions. In particular, it did not appear in any of

the LPGs having details listed in Table 5.6. Furthermore, it has been seen in Fig. 5.18 that the

26 Shift to the longer wavelength w.r.t. increase in SRI
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spectral response of LPG6 showed no cladding mode "LPg,.. An additional example of LPG
in this B/Ge fibre is depicted in Fig. 5.27, where the LPG of 490um does not show P

mode.
LPG Fibre type Period | No. of | Approx. uv scan | Presence of | Presence
designation (fm ) | samples | length (mm) speed (mm/s) | harmonics | of 'LPgy
LPGS5 B/Ge co-doped | 421 69 29.05 2.400 Yes No
LPG6 B/Ge co-doped | 480 63 30.24 2.000 Yes No
LPG7 B/Ge co-doped | 490 62 30.38 2.000 Yes No
Table 5.6: LPGs in B/Ge co-doped fibre and their fabrication details
0
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Fig. 5.27: The spectral responses of LPG6 of 490 ym -pitch in B/Ge co-doped fibre showing the
Sfundamental cladding modes.

However, in view of the fact that an LPG fabricated in B/Ge co-doped fibre is much more
responsive to external perturbations in comparison to that obtained in standard telecom?’
type, it is unlikely that the peak ILPOZL, if obtained in B/Ge co-doped fibre, could be as

insensitive as that obtained in a standard SMF.

Simulation results obtained using Optiwave ™ IFO software suggest that this peak obtained in
the standard SMF is a component of a fundamental cladding mode ILP[}Q‘ and for ease of

discussion it is referred to as 'LPgy in the remaining parts of this thesis. Analysis described

27. Equations (5.4) — (5.8) and Fig. 5.17 provide a good insight into reason for difference in sensitivities of
LPGs in SMF and B/Ge co-doped fibres.
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herein suggests that the peak results from coupling of light from a second core mode to the

fundamental cladding mode HPo.

An analysis to identify the origin of ]l‘P()zL has been carried out. The temperature coefficient
of the mode 'LPgy;. has been measured. It is noted that though its temperature responsivity is
seven times higher than that of a conventional FBG, this will not impede its use for gain
equalization owing to the advantage of its SRI-insensitivity, which permits its coupling
strength to be reasonably maintained whilst the LPG is embedded in a material that can
protect it from small temperature fluctuations. For sensing applications, however, it is shown
herein that the temperature responsivity of the mode 'LPgs1 can be put to a number of good

uses.

For this analysis, having seen the appearance of 'LPgy. only in standard SMF, further
identification process for the origin of the cladding mode "LPy,, is discussed. In particular,
the results of various experimental tests and analytical simulations, carried out to identify the
origin of the cladding mode ILP(}QL, are analysed. Subsection 5.3.1.4 then discusses the

capability of the mode 'LPo,. for use in sensing applications.

The advantages of the lack of responsivity of the mode to bending and SRI have been
exploited to demonstrate its use in conjunction with the nearby harmonic modes of the LPG
for various simultaneous dual-parameter measurement applications such as strain and
temperature, SRI and temperature, as well as, bending and temperature measurements. The
nearby second diffraction order modes of high resonance order are selected and used together
with the 'LPg,;. for the simultaneous measurement of the physical parameters in view of their
high responsivity and the potential advantage of using a single light source for interrogating

both spectral features. The results obtained from the measurements are detailed.

Origin of the broad peak 'LPy

Having seen the dual diffraction order LPGs with and without peak "LPg,. the origin of peak
'LPgy was examined. The study of the origin of the broad-loss peak "LPoy was started by
experimental measurement of its responsivity to external perturbations, such as temperature

and the SRI. As shown in Fig. 5.28, the fundamental modes of LPG3, including ]LPQZL, are
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Fig. 5.28: Spectral responses of LPG3 showing the response of some of its fundamental cladding modes to
temperature: the inset shows the wavelength shift of 'LPy,; plotted against temperature.

responsive to temperature: the inset shows the temperature response of the peak 'LPgy. for
the temperature range 22 to 67°C, the temperature coefficient recorded from the linear fit to
the data points in the inset is 76.05pm/°C which is about seven times more than a

conventional FBG.

Also, when the reflection spectrum was measured, no peak was observed, as can be seen in
the experimental results of Fig. 5.29: the shallow transmission dips seen on the reflection
spectrum relates to the coupling of light that is reflected from the fibre end, into the cladding.
In fact, it is possible that some of the light is coupled back into the core, which explains the

reason for the appearance of weaker dips at the spectral locations of the stronger modes.

It may also be reasonable to suggest that the components of light at the wavelength of the
deeper loss peaks have already been mostly lost before reaching the fibre end, as such, there
is not a lot of light, at such wavelengths, reaching the fibre end to be reflected back and get
coupled to the cladding during the return trip. This might also explain the reason for negative

correlation of the reflection and transmission spectra where the reflection spectrum suffer
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more loss at the lower wavelength, consistent with Fig. 2.1 which shows that fibre-loss is
higher at low wavelength. In this case, the reflected spectrum suffered from such loss during
both trips (i.e. to and fro), which explains its appearance. Clearly, since LPG peaks are
intrinsically more responsive to temperature and posses no reflection peak, the response of

the broad peak ]LPOZL suggests that it is indeed an LPG mode.
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Fig. 5.29: Spectral responses of fundamental modes of LPG3 in transmission and reflection.

Fig. 5.30 shows the response of LPG3 with respect to SRI in the 1200 to 1600nm wavelength
region. It can be seen from the figure that the modes 1LPO;:,, 1LPm, and lLP05 display different
amounts of wavelength shifts with respect to changes in SRI, but the modes lLPoz and lLngL
show no measurable wavelength shift. The inset is the enlarged 1210 to 1280nm spectral
region showing a slight decrease in transmission depth of 'LPg, with SRI increase. The L Pos
appear to shift to the longer wavelength when the SRI was 1.460 and 1.478, which are values
higher than cladding index. Clearly, as the SRI becomes slightly higher than cladding index
there is apparent increase in the cladding width which has the effect of causing a shift to the

longer wavelength in standard-fibre based LPG cladding modes of lower order [185,186].

136



Chapter 5 — Sensing applications of fibre gratings

Transmission, dB

' : . I12'20 1240 | 1260 128(
1200 1300 1400 1500 1600
Wavelength, nm

Fig. 5.30: The experimental spectral responses of LPG3 showing the response of some fundamental modes
of LPG3 to SRI, with the peak 'LP;,; showing no measurable wavelength shift: the inset shows
the slight change in transmission depth of 'LP;;, with SRI increase.

In addition to these experimental investigations, simulation was carried out to see whether or
not an LPG with such characteristics could be obtained. An LPG displaying similar behaviour
was generated by simulation using Opti\avzm:'mI IFO software with the input parameters listed
in Table 5.7 and the spectral responses obtained are shown in Figs. 5.31 and 5.32. In Fig. 5.31
the simulated LPG was subjected to SRI ranging from 1.000 to 1.442: whilst the upper inset
indicates that cladding modes 1LPog to 'LPDs are SRI sensitive, it is quite obvious from the
lower inset to the figure that the mode 'LPoy. does not shift with changes in SRI, but slightly
decreases in transmission strength as the SRI is increased, in agreement with the experimental
results shown in Fig. 5.30. It is noted that the mode 'LPgs shown in the spectral region 2.0 to
3.6um in Fig. 531 is highly responsive (its bifurcated component shifted to the shorter
wavelength by 690nm for the SRI change from 1.00 to 1.442) in view of its location, which is

very close to the dispersion turning point [73].
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Fig. 5.31: Spectral responses of the calculated 480 ym -pitch LPG to SRI showing no measurable wavelength
shift of the peak 'LPy;; but showing slight decrease in the transmission depth of the peak.

Sellmier Figure Claddin | Core Cladding | Period, | SRI UV-induced | Spectral | Grating
coefficients gindex, | index, | radius, A average span Length

ng N, Fii index

change

A,=0.07028554 | Fig.5.31 | 1.444 1.4488 | 62.05um | 480um | Vary | 3x10* 0.75- 20.24mm
A,=0.41463070 3.6um
A3=0.89745400
2,=0.07200000
2,=0.11400000 | Fig. 532 | 1.444 Vary 62.05um | 480um | 1.00 | 3x10™ 0.75- 20.24mm
25=9.84100000 3.6um

Table 5.7: List of parameters used for simulations

A further analysis that was carried out using the Optiwave ™ IFO software suggests that the
first two peaks of the LPG, shown in Fig. 5.31, belong to an 'LPy, cladding mode. The
analysis was supported by a selective display of individual modes of the calculated LPG
spectral response permitted using the Optiwave ™ IFO software which helped to re-confirm
that the first two peaks belong to the fundamental mode 'LPq;. In a further analysis only the
refractive index of the fibre core was changed from 1.44706 to 1.44835 as a result of which

the spectral responses shown in Fig. 5.32 were recorded. The separation of the first two
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modes with core index change resembles the type of separation obtained on a mode

positioned on dispersion turning point ("LPqs)
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Fig. 5.32: Spectral responses of the calculated 480 ym -pitch LPG showing its evolution with respect of

changes in the refractive index of the fibre core.

-when external perturbation is induced to the grating, but only th

order, as seen in the figure. The lack of responsivity of the mode

the fact that it is the farthest cladding mode from the dispersion turning point on the shorter

wavelength side and the value of the general sensing factor, y

(5.8) is almost zero at such a position.

It might be necessary to note that, the main differences observed between the two peaks

associated with 'LPg,; mode and the dual-resonance of the high o

(at DTP) are that, whilst the dual-resonance of high resonance

most responsive and separate further with increase in temperature, the two peaks of 'LPy; are

the least responsive and both peaks shift in the same direction

seen earlier in Fig. 5.28.
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Further analysis to verify whether or not there is a second dispersion turning point for the
lower order cladding modes led to the calculation of phase re:lationships28 for the first 53
fundamental cladding modes as shown in Fig. 5.33 (a)-(d). The curves were plotted to cover
most of practically usable wavelength region, —no second dispersion turning point was

observed for any of the modes as seen clearly in the figures.
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Fig. 5.33: The calculated relationships between resonant wavelengths and LPG periods for the first 53 cladding modes
in standard SMF; (a) cladding modes 1-9, (b) cladding modes 10-19, (c) cladding modes 20-30, (d) cladding

modes 1-30 and 53.

28. Phase relationship was calculated using Matlab software and the full program in shown in Appendix2
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If the LPG period is known, which often the case, then using dispersion curves of Figs. 5.33
(a)-(d) as a guide, it is possible to have an idea regarding the wavelength at which to expect
individual cladding modes. This process has facilitated the identification of LPG modes in

Fig 5.18. Reference [124] has given more details of this identification method. It can be seen

also in the figures that the direction of the slope (94res ) of the phase curves changes, initially
dA

increasing, then reaching an infinite level (at the dispersion turning point) and then changed
again to negative values®. The slope at the points nearest to the dispersion turning point are
the steepest, therefore the cladding modes located at this position are the most responsive to
any perturbation that may cause changes in either the grating period or the mode index. The
parameters used for the simulations were obtained from Adam’s book [187] and are matched

those used for the Optiwave ™ IFO simulations.

Further analysis of this rather unusual behaviour of the lLPozL mode focused on the core
modes. Using Optiwave ™ IFO for the study, it was realized that any significant increase in
either the core-index or increase in core radius (which matches what happens during UV
exposure) [188] will lead to the emergence of the second core mode, and where there is a tilt
angle the ghost mode LP;; will also become stronger as illustrated in the simulation results of
Fig. 5.34. This analysis clearly supports the argument that the peak 'LPgs. results from
coupling from second core mode to the cladding mode 'LPpy. as suggested by the

Optiwave ™ IFO software.

In the subsequent experiments described in Subsection 5.3.1.4 it is shown that the peak
'LPp, can be used in conjunction with a second diffraction order cladding mode of high
resonance order to achieve a sensing device that has the capability for simultaneous

measurement of various physical parameters.

 This change from positive to negative is one reason for having modes, of the same LPG, in the same fibre,
moving in opposite directions, with changes in external perturbations.
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Fig. 5.34: Spectral response of a Bragg grating simulated for standard SMF showing using a tilt
angle of 0.4° and a core index increase of 0.007676.

5.3.14 Using 1LPDZL mode for measurement of temperature with other
parameters

In general, fibre sensors have many attractive features that make them well suited for a wide
range of strain, or curvature measurement applications in smart structures. They are light in
weight, small in size and immune to electromagnetic interference. Unfortunately, the intrinsic
temperature responsivity of in-fibre gratings can affect their use for the measurement of these
parameters. It is therefore of vital importance to develop a device that can discriminate
against, or simultaneously measure and compensate for the temperature-induced effects in

order to improve the accuracy of the measured values of axial strain or curvature.

Similarly, in the area of chemical sensing although fibre gratings have been extensively used
to measure the refractive index of chemicals, the precise determination of the concentration
level of the chemicals equally needs temperature calibration since the refractive index of a
chemical is a function of temperature. Thus, it is essential that the temperature be

simultaneously measured with the SRI in these applications. Clearly, in both smart structures
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and chemical sensing, simultaneous measurement of temperature with the relevant

parameters such as strain, curvature, temperature and SRI is essential.

(A) Measurement of temperature

The technique explained in Subsection 4.6.2 was followed for measuring temperature around
the LPG device which ranged from 22°C up to 132°C with an incremental step of 5°C and the
corresponding spectral changes were recorded using the HP70004A OSA that has a

resolution of ~0.1 nm.

It has been demonstrated in Fig. 5.28 that peak 'LPy,. and the other fundamental modes of
LLPG3 are responsive to temperature, with H Pt having a temperature coefficient of 76.05 £

0.02pm/°C. In Fig. 5.35, it can be seen that the harmonic modes of second diffraction order
are also responsive to changes in temperature: the temperature coefficient of, for example,

mode *LPys was evaluated to be 42.16 + 2.4 pm/°C.

42.16 + 2.4pm/°C

Transmission, dB

22°0G
-------130.7°C 76.05 = 0.02pm/°C

I ¥ I X I L I L 1 ! I ¥ | '
950 1000 1050 1100 1150 1200 1250 1300
Wavelength, nm

Fig. 5.35: Spectral responses of LPG3 at zero axial strain but different values of temperature showing cladding
modes of second diffraction order and the peak 1P,
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(B) Measurement of refractive index

To measure the SRI, using the in-fibre LPG devices the method earlier discussed in
Subsection 4.6.3 was followed. But, earlier investigations have shown that whilst peak "LPg
is insensitive to SRI, the fundamental cladding modes of high resonance order are clearly
responsive to it, as demonstrated in Figs. 5.30 and 5.31. Unfortunately, the spectrally close
fundamental modes (for example 1LP03‘) have shown a rather small SRI responsivity, which
impede their effectiveness for use in simultaneous measurements of SRI and temperature.
Although fundamental modes of high resonance order (for example 'LPygs,) exhibit high SRI
responsivity, they are some distance away from the peak 1LP02L, (for example >250nm for
LPG2) thus, to use such fundamental modes of high resonance order for simultaneous

measurement of temperature and SRI, two light sources may be required.

To improve the possibility of using a single light source, the responsivity of a second
diffraction order mode “LPys that is located close to 'LPgy was investigated, and as
expected”, its responsivity to SRI was higher than that of the fundamental modes

neighbouring the peak ]LPDZL.

Fig. 5.36 shows the spectral response of LPG3 with respect to SRI in the wavelength range
930 to 1280nm: the inset is the enlarged 965 to 1037nm region. The second order harmonic
modes of this LPG clearly indicate a significant SRI responsivity with ’LPos showing higher
responsivity in comparison to the lower resonance order second diffraction order modes

shown in the figure.

3 Before, the DTP (i.e the Flip-Flop region shown in Fig. 5.17), the responsivity of lower resonance order

modes is smaller than that of higher resonance order modes. For every diffraction order considered the
case is the same. A higher resonance order harmonic mode has similar responsivity to that of similar order
fundamental mode, thus, higher resonance order harmonic mode, by association, will have higher
responsivity in comparison to lower resonance order fundamental modes.
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Fig. 5.36: Spectral responses of LPG3 at zero axial strain and constant temperature, but different values of SRI
showing cladding modes of second diffraction order and the peak LPy,;: the inset is the enlarged
965 to 1037nm region.

Since the peak 'LPoay is responsive to only one of the two parameters (i.e. temperature), and
the second diffraction order mode 2LP05 is responsive to both, it implies that these two modes
of the single device (LPG3) can be used for simultaneous measurements of SRI and
temperature: indeed since the temperature coefficients of both peaks are known, the

temperature-induced wavelength shifts can be compensated.

The use of this device for the simultaneous measurement of SRI and temperature assumes
that the device will be maintained at constant strain. In a situation whereby strain is varying
however, an SFBG (see Subsection 5.4.2) can be fabricated with the same long-period
specifications, but a phase mask that allows for an FBG component to appear within the
required wavelength region must be used. The strain variation on the FBG peaks can then be

used for compensating the strain-induced wavelength shifts.
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(C) Measurement of curvature

The 4-point bending jig shown earlier in Fig. 5.4 of Subsection 5.2.1.3 and in Fig. 5.37(a)
was employed to induce different curvatures to LPG3. For the bending measurement, the
fibre containing LPG3 was attached to a 0.5mm thick spring metal bar of 20mm width and
150mm length. One end of an 8cm central section of the LPG-containing fibre was fixed
firmly to the metal bar, whilst the other end was held loosely so as to maintain a constant
axial strain on the fibre. The application of curvature was achieved by depressing the central
section of the spring metal bar with a micrometer-drive, and the resulting displacement of the

bar was converted to curvature as follows:

Measuring curvature using the deflection distance of the spring-metal bar: Scheme I

In this Sub-section an analysis carried out by the author’s colleague Dr Yu Liu is used to
describe the bending Jig used for applying curvature. Fig. 5.37(a) shows the jig and (b)
describes the result of curvature calculations using both the approximate and the exact
representations. According to the geometric configuration, the curvature (1/R) applied to the

fibre can be calculated from the following equations

A Y
Al %
1 p S
) ®
; e Y. 5|
& D S
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<> 0 . .
< a )g 0 2 4 6 8

Bending depth (mm)
@) (b)

Fig. 5.37: (a) The geometric configuration of the four-point bending Jig. (a)=120 mm, b=20 mm, bending
depth h=0~8 mm, (b) Plots of bending curvature against bending depth calculated from equations
eqn. 5.14 and eqn. 5.15.
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R*=(R-hy)f +(a/2)

503
/2P +l-h-(R-ho)f = R .
where the R is radius of the bent spring-metal bar, £ is the bending depth which can be read

from the micrometer, a and b are the spacing of the points where the force is exerted, as

indicated in Fig. 5.37.

(a/2)2—2R[R+h*m]+[}g+h_m]z g S

If R>>a, b and h and also a>>b and h, eqn. 5.16 can be approximated to

1 sk (5.15)
R 4% -p?

Fig. 5.37 (b) plots the bending curvature (1/R) against the bending depth (#) in line with both
equations (5.14) and (5.15). The two curves nearly coincide; suggesting that eqn. 5.15 is a
good approximation to be used to calculate the curvature in experiments. Thus, eqn. 5.15 has

been used to calculate the curvature applied using the jig.

The curvature response of the LPG3 was investigated, using the above analysis, with zero
axial strain applied. Curvature-induced mode splitting [34] was observed for each of the
second order harmonic cladding modes (ZLng to 2LP05) in the spectral range 910 to 1250nm.
Fig. 5.38 shows the spectral evolution with changing values of curvature for LPG3 with
curvature magnitude increased from zero to 3.125m™: the inset to Fig. 5.38 is the enlarged
spectral region 910 to 1244nm showing the spectra of the second diffraction order modes of

LPG3 with an offset introduced for clarity.
It can be seen from Fig. 5.38 that, prior to bending, the harmonic modes of LPG3 are clearly

defined by the deeper single loss-bands. As the LPG was subjected to curvature, however,

each of the loss bands bifurcates with one sub-band shifting to longer wavelengths and the
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other to shorter wavelengths with increase in curvature magnitude. In addition, some

asymmetric cladding modes are also observed to appear with increasing curvature.
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Fig. 5.38: Spectral responses of LPG3 at different values of curvature showing cladding modes of second
diffraction order and the peak 'LPy,: the inset is the enlarged 910 to 1244nm region with a spectral
offset.

For simultaneous measurement of curvature and temperature, it is obvious that since the
second order harmonics are bend-sensitive and the peak 1LP02L is not, the curvature values
can be extracted from the mode splitting of, for example “LPgs, whilst the strain- and
temperature—induced wavelength shifts can be compensated by forming a matrix of
coefficients of peak 'LPg and midpoint between the splitting of mode “LPys using the
methods to be discussed in Subsection 5.4.2 (E).

(D) Measurement of axial strain

Following the bending experiment, the spectral response of the LPG3 to axial-strain was
investigated. The LPG3 was used in the way described in Subsection 4.6.1 to measure axial

strains ranging from 0 to 4.8 x 10° HE .
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The spectra obtained are shown in Fig. 5.39 and have been analysed to yield axial strain

sensitivities of 0.3335 and —0.3894pm/ ue for the ]LPOZL and 2L15’05 modes of LPG3,
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Fig. 5.39: Spectral responses of LPG3 at constant temperature but different values of axial strain showing
cladding modes of second diffraction order and the peak ILPWL: the inset is a plot of the spectral
positions of the peak "LP,,ZL against the applied axial strain.

respectively: the inset shows the wavelength shift of peak 'LPg,_ plotted against the applied
axial strain. Table 5.8 shows the temperature and the strain coefficients of the two modes of

LPG3 as specified in Figs. 5.35 and 5.39.

Grating Parameter 2LP(.S lLPM_
LPG3 Strain, K. —-0.3889 £ 0.02pm/ue 0.3334 £ 0.02 pm/pe
Temperature Ky 42.16 + 2.4pm/ °C 76.05 + 0.02pm/°C

Table 5.8: A typical comparison of the temperature coefficients for loss peak 2LPys and 'LPgy of
LPG3 inscribed in a standard SMF.
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The contribution to wavelength shifts from axial strain and temperature can be calculated

simultaneously using the coefficients in Table 5.8 and the matrix equation

LPO5 Kfzwos KT;LPDS Ae
MLPOZ =& KT AT e (5.16)

E1LpoaL ILP

Where K, K and K; Ky are the respective strain and temperature coefficients of
apes 7 6 2LP05 LPO2L

LPO2L 1

’LPys and B Ay pos and Ady poy. are the respective wavelength shifts of 2LP05 and

'LPgo1, while Ag and AT are the applied strain and temperature changes.

Substituting the coefficients of ’LPgs and 'LPg, listed in Table 5.8 into eqn. (5.16) and

inverting to solve for values for axial strain and temperature leads to

ANt poa 03334  76.05

[%LPOSJz{—OBSSS) 42.16] Ae

The coefficients of strain and temperature are obtained from the linear fits to the data points.
The sources of error in this work include the limitations of the equipment used (such as the
resolution of the HP70004A OSA and thermoelectric-cooler), the mechanisms of heat
transfer from the heating element, and the mechanism for inducing strain, to the device. In the
overall, the matrix of coefficients is reasonably well conditioned providing a condition

number of 173.29.

In summary, the discussion in Subsections 5.3.1 focused on investigation into the
responsivity characteristics of LPGs in conventional B/Ge co-doped and standard SMFs. The
LPGs fabricated in both fibres exhibit a set of harmonic cladding modes at shorter
wavelength than those of the fundamental modes, while those gratings fabricated in standard
SMF exhibited an additional 'broad-peak’ (lLngL) located between the two sets of cladding
modes. The second diffraction order cladding modes of LPGs in B/Ge fibre are shown to be
capable of being used with a fundamental mode of lower resonance order to measure the

values of strain and temperature simultaneously. Here the spectral proximity of the two
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cladding modes is such that the advantages of using a single light source for sensing

interrogation can be realized.

For the LPGs in the standard SMF, a rigorous identification process for the mode "LPg,.. has
been pursued, and the sensing properties of the mode have been studied whilst the peak has
been utilized in conjunction with the harmonic modes to demonstrate the capability of an
LPG device for simultaneous measurement of temperature and other parameters, such as
curvature, axial strain and SRI. The promising potential of the mode 'LPgy for gain
flattening applications has also been highlighted and this could form the basis for further

research in this area.

The advantages of simple fabrication, easy and cost-effective interrogation and, more
importantly, inherent temperature referencing of the LPG structures offer the prospect of the

development of practical sensors for temperature compensated sensing applications.

5.3.2 LPG sensor in 3-layer fibre

Having studied the LPGs in step index fibres in Section 5.3.1, in this section focus is placed
on the use LPG sensor inscribed in a 3-layer fibre. Yin el al [189] demonstrated an LPG
having very high responsivity to SRI fabricated in a double-cladding fibre. A pair of identical
LPGs placed at a precise distance apart has also been demonstrated for SRI measurements
[190]. The precise distance between the grating pair allows for obtaining very fine
interference fringe pattern that are relatively narrow as compared with a loss peak of a single
LPG. The use of the narrow bands for measuring SRI provides improved resolution of the
device for sensing applications. However, because LPGs in general, are inherently responsive
to temperature, there is a potential temperature cross-sensitivity problem when they are used
in refractive index sensing. Furthermore, although LPGs may be used to measure the
concentrations of chemicals [191, 192], precise determination of the concentration level
needs temperature calibration since the refractive index of a chemical is a function of
temperature. Thus, it is essential that the temperature be simultaneously measured with the
SRI in these applications. The analysis of the distribution of energy in a cylindrical
waveguide using Bessel functions [9, 113, 215] suggest that (a) such distribution is a function
of radius, (b) the fundamental mode propagates in the fibre core, (c¢) lower order cladding

modes propagates in the inner part of the cladding, and (d) the higher resonance order
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cladding modes propagates closer to the cladding exterior boundary. Furthermore, the phase
matching condition eqn. 5.4 and the normalised propagation frequency, V, (eqn. 3.12)
obviously suggest that if there is a second cladding layer, then the modes supported by the

inner cladding layer are not affected by change in index of the 4™ layer.

In this subsection, a simple compact scheme for simultaneous temperature and SRI
measurement using two LPGs inscribed side-by-side in a single piece of SMM900 double-
cladding fibre, manufactured by Fibrecore in Southampton, is presented. LPG modes with
different SRI responsivity has been identified, with the higher order modes that propagate in
the outer-cladding showing responsivity to SRI and the lower order modes that propagate in
the inner-cladding exhibiting no measurable responsivity to the SRI. One of the LPGs in the
cascaded device, used in this work, is only responsive to temperature while the other is
responsive to both the temperature and the SRI. Here, the benefits of the high temperature
responsivity of the index-insensitive LPG are exploited and utilized to build a compact sensor

with the capability of dual parameter measurements.

5.3.2.1 Properties of a 3-layer fibre and the LPG sensor fabrication

The SMM900 fibre has a core radius of 2.6um, radial cross-section’! of the inner-cladding of
42.6um and a radial cross-section of an outer cladding of 17.3um. The material refractive
index of the outer-cladding is less than that of the inner-cladding, which is also less than that
of the core material. The inner cladding being the thicker layer supports the propagation of
many cladding modes that are SRI-insensitive. The reason for the SRI insensitivity of the
modes in this cladding stems from the fact that their effective mode indices depend only on

the index of the core, inner-, and outer-cladding materials.

LPGs used in this work were UV-written in a hydrogenated double-cladding Fibrecore™
SMMO900 fibre using a CW frequency-doubled argon laser with an output power of 125mW.
The inscription was implemented by scanning the UV beam along the length of the fibre in a
point-by-point manner with a 50% on-off duty-cycle using a computer-controlled UV-light

shutter. An LPG of 18.9mm length containing 189 samples with 100 zm pitch (referred to as

3! Radial cross-section here means, distance outward along the radius
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LPG100) was first fabricated, and the second LPG (referred to as LPG62) having a length of
21.7mm containing 350 samples with 62 wm pitch was inscribed 10mm away from LPG100.
After the side-by-side inscription, the fibre containing the cascaded LPGs was annealed at
105°C for 36 hours in an oven. A typical spectral response of the cascaded LPG device is

shown in Fig. 5.40: the loss peaks 'a-f' belong to LPG100 and the peak 'g' belongs to LPG62.

Peaks a-f were identified as belonging to LPG100 at the time of fabrication, -the spectrum of
the LPG100 was recorded immediately after inscription, and when the LPG62 was inscribed
at the adjacent section, peak 'g' was observed to emerge. In addition, two sets of LPGs 'A' and

'B' were fabricated with periods ranging from 59 to 63 wum , and 96 to 110 um respectively.
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Fig. 5.40: The geometric configuration and spectral response of the cascaded LPG device showing two
components with different responsivity regimes, separated by a doted line.

The appearance of one or more LPG peaks that are responsive to both temperature and the

SRI, at wavelengths ~ 1660nm, was consistent in the gratings of set 'A'. For example, the
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spectral response of an LPG of 60 um pitch is shown in Fig. 5.41 (a). As can be seen in the

figure, one of the LPG peaks is located at ~1663nm and another at ~1671nm. In Fig. 5.41 (b)

the spectral responses of this LPG to temperature is indicated.
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Fig. 5.41: The spectral response of 60 yim -pitch LPG fabricated in SMM900 double-cladding fibre (a) at
22°C (b) at different temperature values.

For the set 'B', however, a series of peaks that have shown no measurable responsivity to SRI
were observed, consistently. These peaks have shown considerable responsivity to
temperature, with higher order cladding modes, in this case, exhibiting more responsivity to
temperature than those of the lower order. The series of peaks can be seen in Fig. 5.42 which
shows the spectral responses of four LPGs from the set B with periods 96, 98, 100, and
105 gm in the spectral range 910 to ~1580nm.
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Fig. 5.42: The spectral responses of ~1.9cm long LPGs with 96, 98, 100, and 105 yim pitches

showing series of index-insensitive cladding modes with one broad peak in the Erbium-
doped fibre amplifier (EDFA) wavelength region.

Peak 'f' of LPG100 shown in Fig. 5.40 is broad and more responsive to temperature in
comparison with peaks 'a-e' in view of its proximity to the highly sensitive dispersion turning
point region [73]. The peak has been selected for the measurements in order to exploit the
benefits of the high temperature responsivity. The peak 'f' was designed to appear close to
peak 'g' of LPG62 so that the advantages of using a single light source for interrogation can
be exploited. Although peak 'f' is much more responsive to temperature, its intrinsic width
can reduce sensing resolution depending on the interrogation technique employed. Further
investigations needs to be carried out to produce an LPG in this fibre with an SRI-sensitive
higher-order cladding-mode that can appear in the 1200 to1300nm region without much

compromise to SRI responsivity.

It has also been observed that the double-cladding fibre is highly responsive to bending which
results in some rather noisy losses in the spectral region 1500 to 1700nm. To reduce such
bending loss effects, the fibre needs to be maintained as straight as possible during the

measurements.

155



Chapter 5 — Sensing applications of fibre gratings

5.3.2.2 SRI and temperature sensing performance

To measure the SRI, the in-fibre cascaded LPG device was used in the way described in
Subsection 4.6.3. A typical result of SRI measurement using the cascaded LPG device is
shown in Fig. 5.43: the inset is the enlarged 1450 to 1700nm wavelength-region. It is clear
from Fig. 5.43 that peaks 'a-f' belonging to LPG100 are insensitive to SRI (such peaks
overlap almost perfectly for the SRI of 1.00 and 1.33) but the peak 'g' belonging to LPG62
did not overlap, rather, it uniquely shifts to the shorter wavelength by over 25nm with SRI

increase from 1.00 to 1.33 —indicating that SRI can be measured using only peak 'g' of the

device.
m
o
c
iel
w
R
&
[42]
—
o
|_.
LPG in air —
450 1500 1550 1600 1650
d LPG in water
e LPG in air
I + 1 ¥ I ¥. T
1000 1200 1400 1600

Wavelength, nm

Fig. 5.43: The spectral responses of the cascaded LPG device in air (solid) and water (dotted): the
inset shows the enlarged 1450 -1700nm region

To further confirm the lack of index responsivity of the peaks belonging to LPG100 (with

100 um pitch), oils of refractive indices ranging from 1.33 to 1.70 have been tested on the

device: no shift of the loss peaks 'a-f' was discernible with the HP70004A OSA that has a
resolution of ~0.1 nm. Furthermore, for an LPG of 108 um pitch, as can be seen in Fig. 5.44,

no shift was observed for the cladding modes when the LPG was immersed in materials of
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refractive indices 1.33, 1.42, and 1.70 During the index measurement the temperature

surrounding the device was fixed.
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Fig. 5.44: The spectral responses of 108 um pitch LPG in the SMM900 double-cladding fibre under SRI
of 1.00, 1.33, 1.42 and 1.70: the inset is the enlarged 1264-1293nm region.

To measure temperature, the cascaded LPG device was used in the way described earlier in
Subsection 4.6.2. Temperature around the device was varied from 22 to 102°C and the
corresponding spectral changes were recorded using the HP70004A OSA. SRI in this case is

1.00 since no oil has been applied during the temperature change.

When the cascaded-LPG device was tested against temperature, behaviour different from that
shown in Fig. 5.43 emerged, with peaks 'f' and 'g' of the cascaded LPG device shifting to the
longer wavelength with increasing temperature. Typically, peak 'f' of LPG100 shifts ~19.4nm
whilst peak 'g' of LPG62 shifts ~5nm for a temperature rise from 22 to 100°C, as shown in

Fig. 5.45: the inset shows a typical temperature response of an SFBG that performs similar
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function®®. The temperature cross-sensitivity that could affect the SRI measurement using
LPG62 (peak 'g'), therefore, can be compensated using the information extracted from
LPG100 (e.g. peak 'f'). The temperature responsivity of peak 'f' of the index-insensitive

LPG100 of the cascaded device have been evaluated, the wvalue obtained is

Ad1pG 100 /AT =194 pm /° C .
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Fig. 5.45: The temperature responses of the LPG-cascaded device in the wavelength region 1450-
1700nm: the inset shows a typical temperature response of an SFBG that performs similar
function. The SFBG was fabricated in a standard fibre using the point-by-point UV-scan
on the fibre, through a phase-mask, with a period of 400 zim .

For these types of sensing applications, the insensitivity of LPG mode such as ‘g’ (of Fig.
5.40) can allow them to be used in conjunction with the index sensitive modes for the

measurement of index and temperature.

In summary, a simple and cost effective fabrication technique has been used to produce a
cascaded long period grating (LPG) sensor in SMM900 double-cladding fibre and the

capability of the LPG-sensor to measure the SRI and temperature simultaneously has been

32 The use of SFBG and its response to SRI is described in detail in subsection 5.4.1.
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successfully demonstrated. The scheme consists of two long period gratings (LPGs) of
different periods inscribed side-by-side in a single piece of SMM900 double-cladding fibre.
One of the LPGs exhibits a shift in its resonance wavelength with changes in both the SRI
and temperature. The other LPG is SRI-insensitive but show spectral wavelength shift with
temperature changes. The index insensitive LPG used to make up the device has temperature
responsivity that is 16 times more than that of Bragg peaks of SFBG used for similar

application.

5.4 Sampled Fibre Bragg Grating (SFBG) sensors

In-fibre gratings, including FBGs and LPGs, have attracted considerable attention for
applications as optical sensors to measure various physical parameters such as temperature
and strain [193]. The LPGs offer the additional capability of refractive index sensing
[178,194]. However, because LPGs are also responsive to temperature, there is a potential
temperature cross-sensitivity problem when they are used in refractive index, strain or

curvature sensing.

5.4.1 SFBG sensor for simultaneous measurement of refractive
index and temperature

Patrick er al [164] have suggested that simultaneous measurement of temperature and
refractive index may be achieved by employing an additional FBG-sensor as temperature
monitor co-operating with LPG index sensor. This apart, little experimental or theoretical
work on this topic has been reported. In this section, a simple scheme for simultaneous

temperature and refractive index measurement using a single SFBG is discussed.

In Section 4.2, it was shown that SFBGs posses both LPG and FBG spectral components.
The spectral response of the FBG components is defined by A, =2n% A, and in FBGs
the LPy; core mode is well bounded in the core region, and is dependent on the effective

index of the fibre core and the changes to the grating period. Since this mode is core-bounded

it is therefore insensitive to the properties of the surrounding medium. In contrast, the LPG

response, defined by eqn (5.4) i.e. A, = (n¥ - nf

co cl.m

)A ,p; , shows a clear dependence on the
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effective index of the fibre cladding, n? , which in-tumn is strongly influenced by the SRI.

clm ?

Thus, the LPG is clearly responsive to SRI.

The fact that both the FBG and LPG spectral responses are temperature dependent, the
combined structure allows the temperature to be measured from its FBG response and the
SRI information to be extracted from the total response of the LPG with the temperature

effect being easily compensated.

The SFBG used in this work was UV-written in a hydrogen-loaded standard SMF using a 50-
mm-long uniform-period phase mask and a CW frequency-doubled argon laser with an
output power of 100mW. The inscription was implemented by scanning the UV beam on the
fibre lengthwise through the mask and sampling was induced in an on-off fashion with a 50%
duty-cycle using a computer-controlled UV-light shutter. The SFBG contains 125 samples
with 400 um pitch. After the inscription, the SFBG was annealed at 110°C for 24 hours in

an oven. The spectral response of the SFBG was measured using a broadband LED light

source and an HP70004A OSA with a resolution of 0.1nm.

To measure the temperature varied from 10 to 60°C, the SFBG device was employed in line

with the description of Subsection 4.6.2. Fig. 5.46 shows its transmission spectrum measured
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Fig. 5.46: Transmission spectra of the SFBG measured at 10 C and 60 C.

160



Chapter 5 — Sensing applications of fibre gratings

at 10°C in air, in the wavelength range 1540-1600nm, displaying three FBG harmonic
resonances around 1550nm and a broad loss band around 1580nm corresponding to one of

the LPG coupled cladding modes.

When heat was applied, both the FBG and LPG resonances were found to shift towards
longer wavelengths when the temperature was increased from 10 to 60°C. The dependence of
the wavelength shift on temperature for both FBG and LPG are plotted in Fig. 5.47. The
thermal responses of both showed linear characteristics and the temperature responsivity of
the FBG is much less than that of the LPG as clearly evident in the figure. Using a linear

regression fitting technique, the FBG and LPG temperature coefficients were found to be
Adppg [ AT =122+026pm/°C and  Ad;ps /AT =80.78+0.93pm/° C, respectively. The

linearity of the thermal responses allows for good correlation so that the temperature induced
resonant wavelength shift of the LPG cladding mode can be compensated during the SRI

measurement.
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Fig. 5.47: Dependence of the wavelength shift on temperature for both the FBG resonance and LPG
resonance of the SFBG.

To measure the SRI, the in-fibre SFBG device was used in the way described in Subsection
4.6.3. A typical result of SRI measurement using the SFBG device is shown in Fig. 5.48. It is

evident that the FBG response was not affected by changes in the surroundings since its

161



Chapter 5 — Sensing applications of fibre gratings

resonance wavelengths are unchanged. In contrast, the LPG resonance shifted towards shorter
wavelengths as the SRI increased. Note that the LPG resonance completely disappeared
when an oil of refractive index of 1.46 was applied, whereas the FBG resonances remained
intact showing a total immunity to the SRI. Hence, the temperature can be measured solely
from the FBG response and then be used to compensate for the thermal contribution in the

LPG response, leaving the net effect due to the SRI.
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Fig. 5.48: Transmission spectra of the SFBG measured at various SRI. Offset introduced for clarity.

It is noted that in applications where back reflection is a major concern the cascaded LPG
device can provide an alternative solution when compared with SFBG approach. Table 5.9
compares the temperature coefficients obtained for the LPG in 3-layer fibre with that of the
SFBG experiment. It can be seen that the temperature insensitive component of the LPG in
the SMMO900 fibre is 16 times more responsive to temperature in comparison to FBG

components of SFBG.

Index insensitive gratings Index and temperature sensitive gratings
SEBG Adpps /AT =12.2pm/° C Adypgey ! AT =80.78pm/° C
HEG e ArpGioo/ AT =194pmI° C | Adppge, ! AT =50.08pm/° C
Comparison ] 16 times more responsive 0.62 times as responsive

Table 5.9: A typical comparison of the temperature coefficients for SFBG and LPG-cascade
sensors.
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In summary, a scheme for the simultaneous refractive index and temperature measurement
using a single SFBG has been successfully demonstrated. The dual-parameter sensing
functionality of a SFBG originates from its unique configuration combining the FBG and
LPG structures. The advantages of simple fabrication, easy interrogation and, more
importantly, inherent temperature referencing of SFBG structures offer the prospect of the
development of practical sensors for temperature compensated chemical/biochemical sensing

applications.

5.4.2 SFBG for co-measurement of strain, temperature and
curvature.

Optical fibre based monitoring techniques for strain, temperature, and for curvature, for
applications in smart structures has generated a significant interest over the years [195,196,
197]. To date, however, there has been no report of any single device that offers
measurement of strain and curvature or the three parameters simultaneously, despite the
frequent occurrence of this requirement. In-fibre grating techniques, employing either UV-
inscribed FBGs or LPGs, offer a range of approaches for strain and temperature sensing (see,
for example, [168]). For curvature measurement, FBGs have also shown considerable
promise, particularly when the gratings are incorporated in special fibre types, including
eccentric and multiple core types [198], and D-type [199]. There have been a number of
reports describing the use of LPGs in curvature sensors, based on measurement of either an
induced wavelength shift [200], or resonant mode splitting [34,201], with the latter technique

exhibiting a very high responsivity.

As discussed in Section 4.2 and Subsection 5.4.1 an SFBG is formed by superimposing a
periodic, low spatial frequency amplitude variation on the high spatial frequency refractive
index modulation of an inscribed FBG [202] and, thus, offers elements of both the FBG and
LPG responses [168]. A series of recent experiments has demonstrated that the properties of
the SFBG may be exploited, in various ways, to provide a number of simultaneous, dual-

parameter sensor schemes [168].

In this section, it is shown that certain of these principles can be adapted and extended to

provide simultaneous measurement of strain, temperature, and curvature using a single
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SFBG. It is shown that the curvature may be effectively determined from the LPG-like
resonant mode splitting, whilst the axial strain and temperature may be evaluated from the
wavelength shift of the FBG harmonics of the structure and the corresponding shift of the
midpoint of the separation between the split bands of the LPG-like mode. The mode splitting
has insignificant cross sensitivity to either strain or temperature; thus, the curvature
measurement depends only on the spectral gap between the split bands. For the mode used in
the experiments discussed herein, the temperature responsivity of the midpoint of the
separation between split bands is an order of magnitude higher than that of the FBG
resonance peak, whereas the strain responsivity is almost the same, therefore, temperature
and strain can, as described herein, be evaluated from a well conditioned matrix of strain and

temperature coefficients.

The SFBGs used in this work were UV-written in both non-hydrogenated and the
hydrogenated B/Ge fibre using a uniform-period phase-mask and a CW frequency-doubled
argon laser with a power of 100mW. The inscription was implemented by scanning the UV
beam on the fibre lengthwise through the mask and sampling was induced in an on-off
fashion with a 50% duty-cycle using a computer-controlled UV-light shutter. Three 50mm
long SFBGs, first containing 125 samples with 400 um pitch (SFBG1), second containing
140 samples with 357 um pitch (SFBG2), and the third contains 128 samples with 390 um
pitch (SFBG3), were fabricated for the experiments. After the inscription, the gratings were

annealed at 90°C for 48 hours in an oven.

(A) Measurement of Large and small curvature at constant temperature:

Simultaneous measurement of curvature and temperature was implemented using two
different curvature inducement schemes. Scheme I employed a 4-point bending jig shown in
Fig. 5.49. This scheme allowed for inducing and measurement of both very small and fairly

large curvatures (from 0 m’ to 8.44 m™).

The 4-point bending jig was employed to induce different values of curvature (in the range

Om™ to 8.44m™) on the SFBGs, and also facilitate the application of axial strain using the
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Micrometer

SFBG

Fig. 5.49: The configuration of the four-point bending-jig used in Scheme I.

micrometer. In each experiment using this jig, the fibre containing the SFBG was attached to
a 0.5mm thick spring-metal bar of 20mm width and 150mm length. One end of a 10cm
central section of the SFBG-containing fibre was fixed firmly to the bar, whilst the other end
was attached to a micrometer-drive by which axial strain could be applied. Curvature was
induced by depressing the centre of the spring metal bar with a second micrometer-drive, and
the resulting displacement, h, of the bar, as indicated in Fig. 5.49 was converted to curvature
using Dr Liu’s model earlier described Subsection 5.3.1.3(C) [34]. In all of the experiments
discussed in this section, the spectral responses of the SFBGs were measured using a

broadband LED light source and an HP70004A OSA with a resolution of 0.1nm.

Scheme II was designed specifically for measuring large curvatures and for application of
heat and strain to the SFBG-sensors. The test fixture used in this scheme was a metal plate
containing one straight V-groove and a set of curved V-grooves of precise curvatures ranging
from 8.13 m" to 11.03 m" as shown in Fig. 5.50. The plate having dimension 75mm X
56mm was mounted on a thermoelectric-cooler to facilitate temperature control allowing the
strain to be applied by fixing one end of the fibre while the other end was driven axially via a
micrometer drive, following the example of Scheme I. The dash lines indicate the fit-in

socket underneath the plate into which the thermo-electric cooler is fitted.
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Fig. 5.50: The configuration of the curvature inducing metal plate.

The curvature response of each SFBG was first investigated with arbitrary axial strain
applied. Curvature-induced mode-splitting was observed for each of six coupled cladding
modes (LPg; to LPg) in all the three SFBGs in the spectral range 1200 — 1586nm. Fig. 5.51
shows the spectral evolution with changing curvature for SFBG1 in two wavelength regions.
Fig. 5.51(a) shows the 1460 — 1586nm region with curvature increased from zero to 5.94m’,
and Fig. 5.51(b) shows the 1238 — 1328nm region, with curvature increased from zero to

3.13m" respectively. These curvatures were induced using the jig shown in Fig. 5.49.

It should be mentioned that there is a potential for stiction of the grating at the bent region, in
respect of both bending schemes, and when dealing with FBGs stiction could result in the
broadening of the spectral response in view of the uneven distribution of strain within the
grating. But, in the case of SFBG, the fact that short period regions are sampled rather than
continuous, and the grating response results from beating of sub-gratings that are separated

by large spatial periods, the effect of stiction is not significant. This explanation is supported

166




Chapter 5 — Sensing applications of fibre gratings

Curvature
Increase

Transmission (with offset), 4dB/div

¥ T T T T T v T T T T
1460 1480 1500 1520 1540 1560 1580
Wavelength, nm

(a)

;

P T O

Transmission (with offset), 1dB/div
L PE TR |

Lot s b ol
[=]
3
~
)
s
%

Curvature 04
- Increase

T T T T
1240 1260 1280 1300 1320
Wavelength, nm

(b)

T

Transmission (with offset), 0.5dB/div

T T T T T

T L T ¥ T T T 1 1
1545 1550 1555 1560 1565 1570 1575 1580
Wavelength, nm

(c)
Fig. 5.50: (a) Spectral responses of SFBGI at 0 (€ at different curvatures showing the LPy; and FBG
components. (b) Spectral responses of SFBG1 at 0 (€ under different curvatures showing modes
LPy; and LPy,. (c) Spectral responses of SFBGI at 0 € under different curvatures showing
modes FBG resonance peaks.
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by the appearance of un-distorted narrow FBGs responses of the SFBG, as will be seen in the
inset to Figs. 5.55(a), 5.56 and 5.58(a). Furthermore, stiction-induced spectral distortion is

unlikely to affect LPG components.

It is clear from Fig. 5.51(a) that, prior to bending, there are two narrow FBG harmonic peaks
located at ~1551nm and a broad LPG loss band centred on ~1538nm, corresponding to the
LPgs cladding mode. Fig. 5.51(b) displays two LPG loss bands corresponding to the LPy; and
LPys modes, located at ~1258nm and ~1307nm, respectively, prior to bending. It is also clear
that as the SFBG is subjected to curvature, each of the broad loss bands bifurcates with one
sub-band shifting to longer wavelengths (LPgs-red) and the other to shorter wavelengths

(LPgs-blue) with increased curvature. The FBG peaks, on the other hand, remain un-shifted.

The apparent insensitivity of the FBG components to curvature was corroborated by
examining the response at higher resolution in the spectral range 1551+£2.5 nm under the
same curvature condition; no wavelength shift was discernible. The response of the FBG
peaks under some applied curvatures can be seen in Fig. 5.51 (c). It is however believed that
cross sensitivity between curvature and strain cannot be totally ruled out, but looking at the
FBG peaks in Figs. 5.51 (a) and (c) that have been recorded at a resolution of 0.1nm, it can be

concluded that such cross sensitivity introduced negligible effect to the measurements.

The splitting of the LPos mode was not apparent at very small curvatures due to the relatively
weak coupling strength of the LPgs-blue mode [as depicted in Fig. 5.51(a)]. To further
support these results, using Scheme I, SFBG2 (357um) was subjected to different curvatures
at a constant temperature of 22.8°C and the spectral responses recorded. As expected there is
clear evidence of mode splitting of LPgs cladding mode as seen in Fig. 5.52 (a) and such

splitting becomes obvious only at slightly larger values of curvature.

Fig. 5.52 (a) shows transmission spectra of this grating displaying both FBG and LPG
characteristics. Again, prior to bending, there are two FBG resonance peaks at ~ 1565nm and
a broad LPG loss band at 1490nm corresponding to the LPys coupled cladding mode. When
the grating was subjected to bending, the single loss band split into two parts with one

shifting towards the longer wavelengths (LPgs-red) and the other towards the shorter
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wavelengths (LPgg-blue). It can also be seen from the figure that, because the temperature
was kept constant, the spectral locations of the FBG peaks remained un-shifted, even after
bending of large magnitude was applied. The relationship between the mode splitting and the
curvature with respect to SFBG2 is depicted in Fig. 5.52 (b), which shows a near-linear
response with a bending responsivity of 8.47 nmm™ at the point where mode splitting

becomes obvious.

Comparison of Figs. 5.51(a) and 5.52(a) on the one hand and Fig. 5.51(b) on the other reveals
that pronounced mode-splitting occurs for the LPy; and LPos modes at rather smaller induced
curvatures than for the LPys mode, though the rate of separation of the split bands increases
with mode order. In earlier works [34,201], where use of mode splitting techniques was
concentrated on higher order modes, the measurement of very small curvatures was not
achieved since the peak that is shifting to the shorter wavelength could not be fully resolved.
The spectral separation has been plotted against curvature for the modes LPg; to LPys of

SFBGI1 in Fig. 5.53, showing clearly that the LPg3 and LPy4 are capable of measuring
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Fig. 5.52: (a) Spectral responses of SFBG at temperature of 22.8°C under different bending curvatures. (b)
Spectral splits in (a) plotted with respect to curvature

curvatures smaller than 0.4m ™ . This is significantly smaller than minimal value for which

LPgg begins to show clear splitting and lower than any previously recorded figure.
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At zero curvature, of course, there is no mode splitting, but beyond the curvature magnitudes
where the splitting of the modes becomes detectable, the separations show some degree of
linearity with respect to curvature. For the LPyp; LPos LPgs, and LPg modes our
measurements yield sensitivities of 10.03, 10.80, 10.95, and 12.05nm.m, respectively,
consistent with the increasing rate of separation with mode order. Although the lower-order
modes LPg; and LPy facilitate measurement of smaller curvatures, their effectiveness
diminishes at higher values due to reduced coupling strength of the split bands and the onset
of secondary mode splitting. Thus, these modes have not been used to measure curvatures
greater than 3.13 m’, beyond which measurements are readily carried out using the higher

order modes.
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Fig. 5.53: Spectral splitting of the LPy; LPyy LPys and LP,; modes of SFBGI plotted against curvature.

To investigate the measurements of large curvatures, the curvature response of each SFBGI
was first investigated with no axial strain and at a fixed temperature. Curvature-induced

mode splitting was observed for each of six coupled cladding modes (LPg; to LPgg) as earlier
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mentioned. Fig. 5.54 shows the spectral evolution with changing curvature for SFBG1 in the
wavelength region 1457.5 — 1597.5nm with curvature increased from 8.13 to 11.03m™. These
curvatures were induced using the plate with concentric V groves shown in Fig. 5.50. It can
be seen from the Fig. 5.56 that there are two broad LPG sub-bands, one located at ~1467nm
and the other at ~1572nm corresponding to the curvature-induced splitting of mode LPgs of
the SFBG1. The split bands result from a single LPG loss band (at ~1530nm prior to the
application of curvature) which, on application of the initial curvature of 8.13m'1, bifurcates
with one sub-band shifting to longer wavelengths (LPgs-red) and the other to shorter
wavelengths (LPgg-blue) with increased curvature. It can also be seen from the figure that,
because both the temperature and the strain were kept constant, the spectral locations of the
FBG peaks remained un-shifted, even after a curvature of larger magnitude was applied. It
has been shown in Fig. 5.53 that mode splitting occur and the separation between the modes
varies linearly with respect to the application or changes to curvature, thus, making it easier

to measure the applied curvature from the spectral separations of the split sub-bands.
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Fig. 5.54: Spectral responses of SFBGI at 0 (i€ & 22.8°C at different curvatures showing the LPs and the
FBG components.
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(B)

Constant curvature Vs Variable temperature:

In a subsequent experiment, the curvature applied on SFBG1 was maintained at a constant
value of 8.13 m™” and the temperature varied from 62.8°C to 12.8°C. The corresponding
spectra recorded are shown in Fig. 5.55(a). It may be seen from this figure that both bands,
LPge-blue and LPgs-red, shifted laterally to the longer wavelengths with the falling
temperature while their spectral separations remained virtually constant. The peak
wavelengths of the two split bands are plotted against temperature in Fig. 5.55(b): the two
fitted lines are parallel indicating clearly that the grating was subject to a constant curvature.
Analysis of the peak wavelengths of the two split bands suggest that both of the bands shifted
linearly with temperature: the two bands exhibit almost equal temperature coefficients of ~-
0.317nm/°C. In this experiment, however, the FBG peaks shifted to shorter wavelengths with
decreasing temperature, as clearly shown in the inset to Fig. 5.55(a). It is clear that the mode
splitting of the LPG component of the SFBG provides a measure of the curvature whilst the
wavelength shift of the FBG transmission peaks can be used independently to determine the

temperature, bearing in mind that the applied strain was kept constant in this case. A Bragg
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Fig. 5.55: (a) Spectral responses of SFBGI at a curvature of 8.13 m™ at various temperatures; the inset is a
magnified spectral plot of the FBG components, (b) Spectral response of peaks of the split mode
plotted against temperature.
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wavelength shift of 0.52nm was observed when the temperature fell from 62.8°C to 12.8°C
indicating a Bragg temperature coefficient of ~10.4pm/ °C. It is also noted that since the two
split LPG bands posses the same temperature coefficients, the midpoint between their

spectral positions will have almost the same temperature coefficient of ~-0.317nm/°C.

(C) Arbitrary curvature Vs temperature:

Simultaneous measurements of arbitrary combinations of the curvature and temperature were
also performed at an axial strain of O ue for temperatures in the range 52.8° C to 12.8° C and
curvature in the range 8.13 m” to 11.03 m™ as shown in Fig. 5.56. In keeping with the earlier

results, it was possible to measure all applied curvatures and temperatures independently

from the LPG mode splitting and the shifting of the FBG resonance peaks, respectively.

om’'@52.8°C
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Wavelength, nm

Fig. 5.56: Spectral responses of SFBGI at different curvatures and various temperatures; the inset is a
magnified spectral plot of the FBG components.
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(D) Constant curvature Vs variable strain:

Following the curvature and temperature measurements at constant strain, the spectral
response of SFBG3 to axial-strain was subsequently investigated at constant curvature and
temperature. In order to compare the results, axial strain was first measured using the
technique presented in Subsection 4.6.1. The spectra obtained are shown in Fig. 5.57 and
yield a similar strain responsivity of 9 x 107 nm / ue for both the LPG and the FBG spectra
as clearly suggested by the parallel nature of the plotted positions of the spectral peaks shown
in Fig. 5.57(b).
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Fig. 5.57: Spectral responses of SFBG3 at zero curvature under different applied axial strains from 0 to 7 x
10° LE showing mode LPysand FBG components (b) Spectral locations of the Peaks of the SFBG

plotted against strain.

Following the measurement of strain at zero curvature the grating was maintained at a fixed
curvature of 8.13m™ and a temperature of 22.8°C whilst the magnitude of axial strain was
varied: resulting spectra are displayed in Fig. 5.58(a). It is noted from the figure that the FBG
harmonics were superimposed on the LPgs-red mode. Over a large wavelength monitoring
range of >100nm, changes in the LPG and FBG responses in relation to the strain are not
immediately obvious from the successively recorded spectra, as may be seen from figure. At
higher resolution, however, it is clear that both the LPG and FBG resonance are shifted

linearly towards longer wavelengths with increasing strain yielding a similar responsivity of
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~9 x 10% nm / ue . But as shown in the inset to Fig. 5.58(a), the narrow spectral widths of the
FBG peaks facilitate measurement of the shift with rather greater precision. In the inset, the

FBG spectra show the responses for strains ranging from 0 to 2400 ue .

Fig. 5.58(b) provides plots of the wavelength shifts against applied axial strain for the LPg¢-
blue and LPgs-red modes of the SFBG3. Both modes shifted with increasing strain showing a
strain coefficient of ~9 x 10™* nm/ ue. The separation between them, however, clearly remained
constant, showing that the curvature response was unaffected by the applied axial strain. On
the other hand, the two FBG harmonics responded to the axial strain only. Since both the split
LPG bands and the FBG peaks posses the same strain coefficients, it implies that the
midpoint between the split bands will also have the same strain coefficient of ~9 x 10
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Fig. 5.58: (a) Spectral responses of SFBG3 at a curvature of 8.13m™ under different applied axial strains,
showing the split mode LP,;and FBG components; the inset is a magnified spectral plot of the FBG
components, (b) Peak wavelengths of the split mode LPyplotted against strain.

(E) Simultaneous triple parameter evaluation:

It has been seen that in the first set of experiments (see Figs. 5.49 through 5.56) the strain was
kept constant while the temperature coefficients of an FBG peak and that of the midpoint
between the LPG split bands were established, in the second set of experiments (Figs. 5.57 to

5.58) the temperature was kept constant while the strain coefficients were determined.
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The coefficients of strain and temperature obtained are shown in Table 5.10 below.

Grating Parameter Midpoint of LPG mode-split FBGpeak
SFBG Strain, K, ~9 x 10* nm | ue ~9x10*nm / ue
Temperature® Kr ~-0.316nm/ °C ~10.4pm/°C

Table 5.10: Temperature and strain coefficients for midpoint of split bands, and that of a Bragg peak.

The contribution to wavelength shifts from strain and temperature can be calculated

simultaneously using the matrix equation

Mep G mid KELPG_mid KT, p6-mid [&6)

A21“‘;3Gpe-:z.‘c = Kepgc;pmk KTFBGpeak AT

Where Keypg ia s Kerpopear aN4 KTypguia » KTrscpea are the respective strain and temperature

coefficients of midpoint of the separation between the LPG bands, and that of an FBG

resonance peak. A4 p; ., and Adg..,.. are the respective wavelength shifts of the spectral

midpoint between the LPG split bands, and that of an FBG resonance peak, while A& and AT

are the applied strain and temperature changes.

The coefficients in Table 5.10 indicate that Kepg yia = Képpgpew AN KTppgna # KTrsgpent

thus the determinant of the matrix of coefficients is not zero (|K] # 0). In other words, the
inverse of the matrix K is defined. Solving eqn. (5.18) above can clearly yield values for
strain and temperature simultaneously and in this case, the condition number evaluated is

340.
In summary, the triple parameter measurement activity follows the following steps:

1. Calculating the strain- and temperature-coefficients of the midpoint between the LPG
split bands by:
a. measuring the wavelength shifts of the midpoint between the LPG split bands

with respect to induced-strain, and evaluating the strain coefficient,

¥ Note that the temperature coefficient of mode LPgs of SFBG1 is assumed to be similar in magnitude to that of
mode LPy; of SFBG3 in view of the fact that they were made in the same type of fibre and spectral locations are
quite similar.
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b. measuring the wavelength shifts of the midpoint between the LPG split bands
with respect to changes in temperature, and calculating the temperature
coefficient,

As seen from Fig. 5.55, the respective strain- and temperature-coefficients of the LPG
split bands are very similar, which implies that, the strain and temperature coefficients

of the midpoint are similar to that of the corresponding LPG modes.

2 Calculating the strain- and temperature-coefficients of one of the FBG resonance
peaks through:
a. recording of the wavelength shifts of the FBG resonance peak with respect to
induced-strain, and calculating the strain coefficient,
b. recording of the wavelength shifts of the FBG resonance peak with respect to

changes in temperature, and calculating the temperature coefficient,

.3 Calculating the matrix of coefficients recorded in steps 1 and 2. For example, suppose
LPys mode of the SFBG3 is selected together with one of the FBG peaks; it has
already been noted, in this work, that the strain coefficients of LPos of SFBG3 and the

FBG peaks are similarly equal to ~9 x 10 nm / ue (see Fig. 5.57). The temperature

coefficients, on the other hand, are expected to be an order of magnitude different (as
suggested by Figs. 5.55 and 5.58). Thus, the determinant of the matrix of coefficients
will have a defined value, and therefore, the temperature and strain contributions to
the wavelength shifts can be determined in addition to the curvature values that can be

measured from the splitting.

These experiments clearly demonstrate the capability of the single SFBG structure to perform
simultaneous measurements of strain, temperature, and curvature. Whilst it is anticipated that
there would be significant use of the three-parameter sensor in smart structural applications, it
is noted also that for embedded sensor development, correlated measurements of strain and
curvature may yield valuable information on slippage between the fibre and the host material.
Indeed, silicon wafer strain measurements can be enhanced if curvature can be evaluated at

the same time.
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There is a potential for reducing the signal processing by evaluating the three parameters
simultaneously using a single 3 X 3 matrix. Care must however be taken when implementing
such matrix in view of the difficulty of measuring the splitting of high resonance order modes
at very small values of curvature (< 0.4m™). It must also be stressed that the splitting at these
curvature values could well be non-linear. So far, to the authors knowledge, no one has
reported a successful modelling of the splitting behaviour of the high order modes, thus, the

author is not in a position to recommend the use of the 3 x 3 matrix in all cases.

A typical 3 x 3 matrix can be generated by extending Table 5.10 to include curvature
coefficients. The curvature coefficients can be obtained using Fig. 5.54 for which strain and
temperature were kept constant, and curvature-induced mode splitting was measured along

with the curvature-induced shift of the mid-point between the split modes.

The coefficients of strain, temperature and curvature are now listed in Table 5.11 below.

Grating Parameter Midpoint of LPG | FBGpeak Split gap
mode-split
SFBG Strain, K, ~9 x 10™ nm / e ~9 x 10™ nm/ ue ~0nml pue
Temperature K ~-0.316nm/°C ~10.4pm/°C ~Onm/ °C
Curvature, K¢ 1.689 nm/m’™" ~0nm/m’ 11.24 nm/m”’

Table 5.11: Temperature, strain, and curvature of a SFBG.

The contribution to wavelength shifts from strain, temperature can be calculated

simultaneously using the matrix equation

A&LP CGmid KEU'G_uu'd KTwomm CLrGmid Ae
Mg Gpeak | = | K FBGpeak IFBG_peak  CFBG-Peak o - (5.19)
%p!if—gap Kg.'!'pﬁl—gup KTSpm—gap KCSPH#-MJ A

Substituting the coefficients, in eqn. 5.19 leads to
My pG mia 00009 -0316 1689 (A€
MypGpear | = [0.0009 00104 00 | |AT | (5.20)
MSP o 0.0 0.0 1124) \ ACur
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The three parameters can then be evaluated as

Ag 00009 0316 1689\ [MerGmia
AT | _100009 00104 00 | |Mepgpeat| (5:21)
ACur) 100 00 1124) | Moypeger

The Determinant of the matrix of the coefficients has non-zero values®*. Using Matlab, the

condition number has been evaluated to be 1.23x10%.

In summary, it has been shown in this subsection that a single SFBG can be used to provide
simultaneous measurements of strain, temperature, and curvature. The spectral splitting of
the SFBG loss bands facilitated the measurement of the curvature, whilst the wavelength shift
of the FBG harmonics and that of the midpoint between the split bands provides for
determination of the axial strain and temperature. Both large and small curvatures have been
successfully measured. The mode spectral splitting recorded (~126nm) is the largest value so
far demonstrated using either SFBG or LPG giving a bend responsivity of 11.43nm.m. The
capability of the SFBG-sensor to measure very small curvature values has also been
demonstrated. The values of the curvature measured (<0.4m™) are the smallest so far

measured directly using fibre gratings.

5.5 Conclusion

This chapter focused mainly on the applications of the three main types of fibre gratings to
sensing. The gratings are FBGs, LPGs and SFBGs. In FBG-based sensing work, two related
applications have been presented. First is the compact-FBG-array structure, which allows for
quasi-distributed strain sensing of high-spatial-resolution. A simple interrogation method was
employed to demonstrate the sensing capability of the device. Two configurations involving
five and ten FBGs in an array have been considered and successfully used to implement a
linearly quasi-distributed strain sensing system. In comparison with other reported sensor
structures and techniques, the compact-grating-array approach may offer a simple and

practical solution for real applications as the WDM FBG sensing interrogation method can be

3 But, the value is close to zero (i.e. 0.004).
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directly applied. In addition, this structure permits independent design for spectral sweeping

range and spatial resolution.

The weakness of the quasi-distributed strain sensor stems from its inability to compensate for
temperature-induced effects. One of the solutions to this problem is the simultaneous
measurement of strain and temperature whereby temperature effects are detracted from strain
measurement results. Thus, many FBG-based sensors that can measure strain and have
inherent element that permit temperature compensation, have been successfully demonstrated
in this chapter. The dual-parameter sensing functionality of the designed sensors originates
from their unique configuration of having two Bragg reflection peaks that exhibit the same
strain- but different temperature-responses. Temperature sensitivities ranging from 7.5 to
12.24pm/°C have been achieved for the sensors written in B/Ge co-doped fibre with different
UV exposure durations. This clearly indicates that the responsivity of the grating peaks can
be tailored. These FBG-based sensors offer the advantages of simple fabrication, tolerance of
large strain effects and more importantly, the use of a single light source for interrogation,
which provide the prospects of the development of practical temperature independent strain

sensor.

Following the FBG sensing work, some interesting properties of LPG sensors were studied.
Discussion focused on investigation into the responsivity characteristics of LPGs in
conventional B/Ge co-doped and standard SMF. The LPGs fabricated in both fibres exhibit a
set of harmonic cladding modes at shorter wavelength than those of the fundamental modes.
A second diffraction order cladding mode of an LPG in B/Ge fibre (ZLPO-;) have been
successfully used along with a fundamental mode of lower resonance order ('LPy,) to
measure the values of strain and temperature simultaneously. Here, the spectral proximity of

the two cladding modes can permit the use of a single light source for sensing interrogation.

One of the LPGs in B/Ge co-doped fibre exhibited a cladding mode whose characteristics
have not been, to the author’s knowledge, reported previously. This mode appears within the
set of fundamental modes, and its responsivity characteristics are opposite to those observed
for the lower resonance order fundamental modes. This mode has opened-up new sensing
possibilities that permit the use of single light source for interrogation, as well as, reduced

signal processing.
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On the other hand, the LPGs fabricated in standard SMF also exhibited an additional
previously un-reported 'broad-peak’ (‘LPga1) located between the two sets of cladding modes.
A rigorous identification process for the mode 'LPooL was successfully pursued, and the
sensing properties of the peak have been studied. The peak has been successfully utilized in
conjunction with the harmonic modes to demonstrate the capability of an LPG sensor for
simultaneous measurement of temperature and other parameters such as curvature, axial

strain, and SRI.

Following the LPG sensing work in the conventional step index fibres, a simple and cost
effective fabrication technique was adopted to produce a cascaded LPG sensor in SMM900
double-cladding fibre. The capability of the LPG-sensor to measure the SRI and temperature
simultaneously has been successfully demonstrated. The scheme consists of two long period
gratings (LPGs) of different periods inscribed side-by-side in a single piece of SMM900
double-cladding fibre. One of the LPGs exhibits a shift in its resonance wavelength with
changes in both the SRI and temperature. The other LPG is SRI-insensitive but show spectral
wavelength shift with temperature changes. In this work, the high temperature responsivity of
LPGs was successfully exploited to demonstrate that a high resolution of the measurements is

achievable.

After the successful sensing work on separate FBGs and LPGs, focus shifted to the
exploitation of the sensing capabilities of SFBGs. To this end, a sensing scheme for the
simultaneous refractive index and temperature measurement using a single SFBG was
successfully demonstrated. The dual-parameter sensing functionality of an SFBG originates
from its unique configuration combining the FBG and LPG structures: the FBG components
provide temperature reference so that when measuring SRI, the temperature induce

wavelength shift of the LPG can be compensated.

Furthermore, simultaneous measurements of strain, temperature, and curvature has also been
demonstrated using the SFBG, where the spectral splitting of the SFBG loss bands facilitated
the measurement of the curvature, whilst the wavelength shift of the FBG harmonics and that
of the midpoint between the split bands provides for determination of the axial strain and
temperature. Both large and small curvatures have been successfully measured. The mode
spectral splitting recorded (~126nm) is the largest value so far demonstrated using either

SFBG or LPG, giving a bend responsivity of 11.43nm.m. The capability of the SFBG-sensor
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to measure very small curvature values has also been demonstrated. The values of the

curvature measured (<0.4m™) are the smallest so far measured directly using fibre gratings.
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6 Gratings-based devices for telecom
applications

6.1 Introduction

In the last two decades telecommunication has been the main driving force for the
development of fibre grating technology. Some of the attractive features of fibre gratings are
their potential for use in the different areas of telecommunications. In this chapter three types
of fibre gratings are demonstrated to achieve various types of practical filter for use in
telecommunications. These filters are:

1. Fibre Bragg Gratings (FBG)-based filters: Two types of FBG-based filters are
demonstrated herein. These include those achieved by suppressing cladding mode-
coupling loss, and by suppressing FBG sidelobes using apodisation technique.

2. Long Period Grating (LPG)-based filters: Filters demonstrated here are based on
the use of LPGs, that have high temperature responsivity, to achieve tuneable loss
filters in the two main telecommunication windows (i.e. 1300 and 1500nm).

3. Superstructured Fibre Bragg Gratings (SSFBG)-based filters: Here the filters are
based on the use of SSFBGs to achieve two types of microwave sub-carrier filters,

and also an optical DWDM filter.

6.2 FBG Filters

The improvements in the loss characteristics of optical fibres coupled with the development
of EDFA has revolutionised the use of optical fibres in long-haul high capacity
telecommunications signal transmission. It has been shown in Section 2.1 that at 1500nm

region standard telecom fibre exhibits the lowest attenuation.

However, unlike in the 1300nm region at which the fibre dispersion is zero, at 1500nm the
dispersion can limit the bandwidth at which signal is transmitted through the fibre without
inter-symbol interference. Thus, there is the need to develop systems or devices that can

compensate for the effects of the dispersion.
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In view of their intrinsic nature, Chirped Bragg gratings are now commonly used to
compensate for the effects of fibre dispersion and dispersion-slope. In addition, Bragg
gratings have found many other applications in telecommunications. Some of these
applications include filtering, in both optical and microwave domains, where gratings are
used to provide band-pass and tuneable characteristics. The FBGs used as band rejection
elements possess very steep spectral slope and are easy to fabricate making them suitable for
other applications, such as channel add-and-drop, gain flattening filters, multiplexer-
demultiplexers, and band splitters. Indeed, FBGs have also been employed in WDM systems
and such applications have attracted much attention over the recent years due to their

overwhelming advantages for high capacity optical transmission.

In Section 4.5.1, the apodisation technique used to suppress the FBG sidelobes during
fabrication for the minimization of inter-symbol interference (ISI) has been discussed. Other
techniques of reducing ISI, such as the suppression of cladding mode-coupling loss, are

examined and presented in this section.

6.2.1 Suppression of cladding-mode coupling loss

An FBG with high reflectivity inscribed in a standard SMF induces a significant amount of
loss at the shorter wavelength side of the Bragg peak. The loss is cause by the coupling of
light from the forward propagating guided LPj;; mode within the core to the backward
propagating modes within the cladding, and to the radiation modes. The cladding-modes
manifest themselves in the form of a series of discrete transmission dips in the spectrum at
wavelengths that are shorter than the Bragg reflection wavelength. These losses can be quite
severe in strong gratings and incur insertion loss in the neighbouring WDM channels, which
restricts the use of such grating filters in DWDM systems. It has been observed that this
unwanted coupling arises from the non-uniform refractive index modulation over the cross-

section of the fibre-core [203].

Various techniques have been proposed to reduce the cladding-mode coupling loss, including
the use of photosensitive inner-cladding fibre structures [203, 204], high Numerical Aperture
(NA) fibre [205,206], and depressed cladding fibre [207, 208, 209]. All these methods rely on

the use of specialty fibres, at a cost, and eventually lead to increase splicing loss, which is not
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desired in optical fibre communication systems. In this section a novel and flexible technique
for suppressing cladding-mode coupling loss in the fabrication of UV-induced FBGs is
discussed. Suppression of cladding-mode coupling loss down to ~0.2 dB in a Bragg grating
of 18dB reflectivity has been achieved in hydrogen-loaded standard SMF. The method
employed is based on the use of UV pre-exposure onto the fibre to raise the refractive index
of the core before an FBG is finally inscribed. The key advantages of this method are that no
special fibre is required, and the refractive index of the fibre core is changed only within the
section into which the FBG is written thereby introducing no extra loss. In addition, whilst
the work in ref. [205] reported an observation of a shift on the onset of cladding mode
coupling loss peaks, the work did not go further to report the key observation of the mode
suppression effect that accompany such a shift. The work reported in this section attempts to

close such a gap and simulation results clearly support the experimental observation.

6.2.1.1 Suppression of FBG cladding-mode coupling loss

The scanning phase mask fabrication technique was used in this work to inscribe 8mm long
Bragg gratings in standard telecom single mode fibre (SMF). The mask period is 1083nm.
Before grating inscription, the SMF was loaded with hydrogen (H,) at 150bars for 48 hours at
a temperature of 80°C so as to increase the photosensitivity. The UV laser used for the
fabrication operates at 244nm, with an output power of 100mW. An 8mm long Bragg grating
was first fabricated in the H,-loaded standard SMF that was not pre-exposed to UV: the
spectral response of the resulting grating showing pronounced cladding-modes is shown in

Fig. 6.1, with a Bragg peak of ~22.5dB located at ~1566.4nm. The appearance of cladding-

mode coupling loss with the largest dip at ~1565nm can be seen on this grating.

Pieces of Hj-loaded standard SMF were pre-exposed to the scanning UV beam without using
a phase mask. The fibre length pre-exposed to the UV beam in each case was 15mm.
Scanning speed was set at different values leading to different UV pre-exposure times of 60,
100 and 120 minutes per 10mm of the fibre. Thereafter, all the pre-exposed fibre pieces were
re-hydrogenated under the same conditions, and subsequently the FBGs were inscribed in the
section of the re-hydrogenated pieces of fibre that were pre-exposed with UV. The
transmission responses of the gratings obtained are shown in Fig. 6.1: the grating with a pre-

exposure time of 60 minutes shows rejection strength of ~25.6dB while the cladding-mode
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Fig.6.1: The experimentally obtained transmission spectra of fibre gratings (traces offset for
clarity): with and without UV pre-exposure, the inset is the response of the FBG pre-
exposed with UV for 100 minutes/cm

coupling loss has a level of 0.5dB, which clearly is much smaller in comparison to that of the
FBG in the non-pre-exposed fibre. It should be pointed out that the small transmission dip
close to the Bragg wavelength is the LP;; mode [210], the negative effect of which, as

demonstrated herein, can be eliminated by ensuring a zero blazed angle.

The central wavelength of the FBGs in the pre-exposed fibre is ~6nm greater than that of the
FBG obtained with non-pre-exposed fibre, clearly showing a positively induced index change
that resulted from the pre-exposure. By increasing the pre-exposure time the cladding-mode
coupling loss can be further reduced. Typically, with a pre-exposure time of 100 minutes the
grating obtained shows reduction in the cladding-mode coupling loss to ~0.2dB, but at a
reduced strength of the Bragg peak to ~18dB. The inset to Fig.6.1 is the enlarged spectral
response of this grating. The pre-exposure of 120 minutes led to 0.09dB level of cladding-
mode coupling, but at an increased penalty to the strength of the main FBG peak, in view of
the reduced photosensitivity of the fibre section, induced through UV pre-exposure over a

longer period. The reduction of photosensitivity is the result of gradual approach to exposure
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saturation, which reduces the available index-change necessary for writing strong gratings.
Beyond saturation level a damaged or Type II grating could result. This indicates that an

optimum level of pre-exposure needs to be established depending on the application.

The cladding mode suppression is attributed to the increase of the OH-induced [211] core
refractive index. The difference in the pre-exposure time represents a difference in the OH
ions created within the sections, thus, leading to the difference in refractive indices of the
fibre core. Longer UV pre-exposure has, in this technique, led to larger increase of the core
refractive index, which raises the index difference between fibre core and cladding

consequently resulting in reduced cladding-mode coupling loss.

It should be stressed that a single small (<5dB) loss dip appearing between cladding-modes
and the Bragg resonance at around 1569.4nm in Fig. 6.1 is the LP;;, the so-called “ghost-
mode” in fibre gratings. This LP;; ghost-mode, that is only visible in transmission rather than
reflection, appears because of a very small blazed angle [210] during grating inscription, and
as mentioned earlier such angle is difficult to eliminate in practice. However, if the value of
the normalized propagation frequency35 of the fibre supports more than a single mode, there
is a greater tendency for the emergence of the ghost mode LP;;, which indicates the presence

of a blazed angle.

For the FBGs reported herein the mode LP;; cannot be seen in reflection, as only a small part
of the fibre (15mm) has the increased core refractive index that supports it. If the mode exists
it can always be seen in transmission, therefore can have an impact on the adjacent WDM
channels. High core/cladding index difference does increase the tendency of generating this
mode. However, it can be minimised by carefully controlling the pre-exposure time and UV
inscription procedure. The effectiveness of this method has also been demonstrated by using
B/Ge co-doped fibre that permits larger increase to the NA of the fibre. In Fig. 6.2 the
transmission spectrum of a 7mm long FBG obtained with pre-exposure shows that the
emergence of LP;; mode was optimally controlled for a Bragg grating of 12dB resonance
strength. This indicates the increasing potential of this method for producing high quality

Bragg gratings.

¥ Normalized propagation frequency referred here has been defined by eqn. 3.12.

190



Transmission (with arb. offset), dB

Chapter 6 — Gratings-based devices for telecoms applications

'
4]

[

ury

o
|

[

—_

(4]
1

na
(=]
1

no
(4]
|

With pre-exposure

S

L/

|

1535

T
1540

T
1545

Wavelength, nm

1550

1555

Fig. 6.2: The experimentally obtained transmission spectra of fibre gratings (traces offset for

clarity): with limited and without UV pre-exposure

Using the increase in refractive index estimated from Fig. 6.1, and some parameters shown in

Table 6.1, simulations of the suppression effect were carried out using commercial

OI:vtiw.eweTM IFO software. The results obtained, as shown in Fig. 6.3, indicate the

effectiveness of this method of UV-induced index increase, the cladding modes have been

clearly suppressed from ~1dB (see traces 'a-b") to ~0.2dB (see traces 'c-d’) by increasing the

core refractive index from 1.4488 to 1.4560: the inset is the enlarged 1561 to 1573nm region.

Fig. | FBG | Core Fibre | Cladding | Core | Blazed | Rejection level (dB)
label | radius | diameter index index | angle [ LPy; | LPyp | Other
(um) | (um) (deg) modes
6.3 a 4.15 125 1.444 1.4488 0 ~1
6.3 b 4.15 125 1.444 | 1.4488 | 0.65 ~1
6.3 c 4.15 125 1.444 14560 | 0.65 | 1.35| <02 | <02
6.3 d 4.15 125 1.444 | 1.4560 0 0 | <02 | <02
6.4 e 6.50 125 1444 | 14488 | 04 1.58 | <0.65 | 0.65
6.4 f 6.50 125 1444 | 14560 | 04 1.4 | 038 | 0.06
6.4 g 6.50 125 1444 | 14560 0.1 0.1 { 030 | 0.06
6.4 h 6.50 125 1.444 1.4560 0 0 030 | 0.06

Table 6.1: Simulation parameters for the 8mm long FBGs in standard SMF.
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Fig. 6.3: Simulated spectra demonstrating cladding mode suppression, and the control of the effect of
blazed angle.

By comparing trace 'a' simulated with no blazed angle and 'b' simulated with a blazed angle
of 0.65° it can be seen that there is no clear difference between the traces, which indicates
that even if there is a very small blazed angle, for normal fibre conditions the effect of the
resulting LP;; mode will be insignificant. However, as the refractive index of the fibre core
increases, for example, as can be seen in trace 'c' the significance of the small blazed angle
begins to manifest in the form of a growing ghost mode LP;;. In trace 'd' where the core index
is the same as that of trace ‘c’ it can be seen that by removing the blazed angle, even for high
core refractive index the ghost mode LP;; can be eliminated. There is however a limit to
which cladding modes can be suppressed by raising fibre core index; whilst the ghost mode
LPy; can be removed by zero blazed angle, simulation suggest that a further increase in core
refractive index by 0.015 (=16.3nm shift to the longer wavelength) will incur a slightly strong
(~0.4dB) ghost mode LPg,. So far it has not been possible to increase the refractive index of

standard fibre by such an amount using UV exposure for up to 4 hours.
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It is however noted that if a different fibre of larger core radius (for example 6.5um) is used,
at high values of core refractive indices an increase in the strength of ghost mode LPg, will
result during FBG inscription. Unfortunately, similar to what happens in depressed cladding
fibre [209], this ghost mode LPg, cannot be eliminated by ensuring a zero blazed angle. In
standard SMF there is little chance of producing an FBG with a strong LPg, ghost mode using
UV pre-exposure. The method of UV pre-exposure is therefore quite promising in addressing
the problem of cladding-mode coupling loss in FBGs. In retrospect however, it would have

been useful to measure the experimental value of insertion loss in this type of filters.

In Fig. 6.4 the effect of the ghost mode LPy; in relation to that of mode LP;; is demonstrated
where a fibre having core radius of 6.5um is considered. It is shown here that whilst mode
LP;; can be reduced or eliminated by changing the blazed angle, the ghost mode LPy, cannot
be removed using the same technique. It can be seen on trace 'e' (representing a grating with
no increase in core index) that for a grating of 0.4° blazed angle, the LP;; mode is well
pronounced with strength of 1.58dB due to the large core radius, but, the mode LPgy; remains

insignificant and weaker than the other cladding modes.
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Fig. 6.4: Simulated spectra demonstrating cladding mode suppression and the effect of large LPy,
mode
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As the index of the fibre is increased from 1.4488 (trace 'e') to 1.456 (trace 'f-h'), it can be
seen on trace 'f', for example, that the mode LP;; becomes slightly weaker (~1.4dB) and the
other cladding modes are clearly suppressed from ~0.65dB to ~0.06dB. On the contrary, with
this increase in the core refractive index the ghost mode LPy, attains a level of, in this case,
~0.38dB. When the blazed angle was reduced from 0.4° to 0.1° whilst the mode LP;; reduces
to ~0.1dB, as seen on trace 'g', there is no significant reduction in the level of the ghost mode
LPg; which remains at ~0.3dB. As the blazed angle is removed, it can be seen in trace 'h' that
the mode LPy, is completely eliminated leaving mode LPy; unchanged, clearly showing that

the mode LPy; cannot be removed by ensuring zero blazed angle.

6.2.1.2 Effects of different fibre dimensions

In this Sub-section, simulation result for the suppression of cladding mode coupling,
generated using Optiwave ™ IFO, will be discussed. Starting from the study of the effect of
large cladding radius, next is the investigation into the impact having different core sizes, and

finally the effect of reduction in the cladding radius are investigated.

(a) Simulation to demonstrate the effects of large cladding radius

The last subsection discussed the variation of the strength of the cladding-mode coupling loss
caused by changing the refractive index of the fibre-core. In this subsection, the changes in
the strength of the cladding mode coupling loss in FBGs within a fibre with an un-usually

large size of cladding radius (129.05 um ) were also studied. For this fibre a slightly different

behaviour emerged with the increase in the fibre core refractive index: it can be seen in Fig.
6.5 that the strength of the cladding mode coupling loss was not significantly affected even
for a large increase in the core refractive index from 1.4488 to 1.463592. However, a shift in
the cladding modes to the shorter wavelength was observed, in agreement with the result
demonstrated in [205]. In addition, there is also a very large increase in the depth and width
of the main Bragg peak of the grating when the index of the core increased, as clearly shown

in the figure.
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Fig. 6.5: Simulation results for the effect of increase in core index in a fibre of large cladding radius (N, and

n.jare the respective core and cladding material indices. T, and I, are the respective core and

cladding radii, index modulation is 2.5x10°, the some spectra were arbitrarily offset above 0dB to
enable comparison.

The increase in the grating coupling strength is caused by the rise in the value of the overlap

constant Cg;; as a result of a boost in the induced core index, which in turn leads to

proportionate increase in the value of the grating reflectivity ‘r(ﬁo )[ ;

(b) Simulation to demonstrate the effect of changes in core radius

To demonstrate the effects of changing core radius on the level of cladding mode coupling
loses, in Fig. 6.6(a) a series of simulated FBGs' spectral responses are shown. Here, the
radius of the fibre core has been changed by 7 om from 2.9 um to 9.9 um with a step change
of 1um while keeping UV-induced index modulation and all other grating parameters

constant. It is clear from the figure that reduction in the cladding mode coupling loss has been
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Fig. 6.6: Simulation results for the effect of increase in the core radius (¥,, is the core radius, index
modulation is 3 X 107°), n,, =1.4488, n, =1.444.

achieved with 9.9um radius. In Fig. 6.6(b) some of the FBGs shown in Fig. 6.6(a) are re-

plotted with more significant offset on the y-axis for improved clarity. As the other cladding
modes become smaller with increase in the core radius -the core mode LPS% on the other
hand becomes more pronounced indicating a departure from the single mode condition (i.e. V
> 2.401). It was also observed that with every increase in the core radius, the transmission

depth of the main peak also increases, as clearly seen in Fig. 6.6(b). This can be explained by

using the power reflectance at resonance wavelength, that is

(%) = tanh?(CgrnAnL 1 )
(6.1)
Where 4n is half of the index modulation depth, Aqis the grating resonance wavelength, L is

i

the grating length and C; is core modes overlapping factor. The mode overlap factor is

given by
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n.,and n are the respective core and cladding material indices. r,, is the radius of the fibre

core. Clearly, the value of Cy/ (and hence the grating reflectivity |r(4, ) ) can be changed by

altering either the core radius or the index depth between the core and cladding materials.

(¢) Simulation to demonstrate the effects of reduction in cladding radius

Fig. 6.7 shows the simulated spectral responses of FBGs with a strength of 18dB in fibre
sections having core radius of 2.9um each with different sizes of cladding radius, but with all
other parameters relating to the FBGs, such as grating length, index modulation, core and
cladding indices etc kept constant. It can be seen clearly from the figure that with the increase
in cladding radius from 19.05 to 119.05um the level of the coupling loss has been reduced
dramatically from ~6dB down to ~2dB, at the same time, the resulting weaker cladding
modes are shifted towards the longer wavelengths and closer to the main Bragg peak of the
FBG. This is more obviously seen in the FBG for the fibre of 119.05um cladding radius. In
addition, it can be seen that since the FBGs have the same index modulation the grating

transmission depth is maintained.
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Fig. 6.7: Simulated results for the increase in the cladding radius (1, is the core radius, index
modulation is 3x107)

In conclusion, simple and effective methods for suppressing of cladding-mode coupling loss
have been demonstrated by simulation and experiment. For the experimental analysis, a
standard SMF has been used so as to reduce fabrication costs. Another attractive advantage of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>