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Abstract

Microwaves (MW) sensing is done through a compled large size sensor which comprises
a lot of electronic components. In this researcicrowave (MW) sensing, based on surface
plasmon resonance using optical fiber is analyzed a new scheme to sense MW is
proposed. The motivation is to introduce a new swhdo sense MW, minimize the
conventional MW detector size and reduce the nundbeglectronic components in the
sensor by using a new scheme. Here MW is detectechdasuring the surface plasmon
wavelength shift which is the result of the relaBrdgg wavelength shift (0.009 nmy/) in

the optical fiber due to temperature change. Thalt® are compared with existing research
findings to establish the sensing principle of M\@sed on surface plasmon resonance,
generated in optical fiber's metal-dielectric ifitexe. This proposed sensor can be integrated

with other micro-electronic devices very easily.
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CHAPTERI

Introduction

When guided light inside a fiber is modified byeaxdl physical, mechanical, chemical or biologidalences of the
surrounding environment, the change can be degatedasuring the characteristics of the outyhit Tigne optical fiber
(OF) for sensor application is designed in suchyase that there is a short portion in the fibegrethe core refractive
index is different from the usual fiber core aradiding refractive index [1]. This is the basic tonton of fiber optic
sensors. One of the recent schemes for sensiggibsimoptics is the surface plasmon resonandg)(SRis type of
sensor is now widely used in case of bio-sengri@]2nd in many other sensing applicationsti]ffor the generation
of SPR in the fiber optics it is necessary toheseatetallic layer on the fiber. Microwaves (MW) panetrate metal in the
order of nanometer range and can increase theddatthe metal. Thus it is possible to senssutiace plasmon
wavelength shift due to the heat caused by MW pioit Therefore, there is the possibility toctdi®/V frequencies

using SPR based sensors by observing the rel&adssBlength shift with respect to the referené@\B&/elength.

11 urfacePlaamons

Inside a conductor such as metals, a lot of festr@ts are available and these electrons cam&idered as plasma
particles. At the same time there are equal nurabpesitive charged ions from lattice so the tdtalge density in the

conductor is zero.

Now if an extemal field is applied then the eteetwill start to move. The electrons will movedaig the positive region
and at the same time the positive ions will be ngoss opposite to the electrons. Due to this maxiechanism a
longitudinal oscillation will be introduced in tbenductor and this phenomenon is known as thegolaseitiation [7] as

shownin Fg. 1.1 [9].
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Figure 1.1: Plasma oscillation in the conductor [9]

1.2 QurfacePlaamon Resonance

To support the surface plasma to oscillate, arfeirgeof a conductor and a dielectric is requiregeneral a metal and
dielectric interface is used to support the sugiiasnon oscillation. Due to this oscillation degr plasmon wave is
generated as shown in Fig. 1.2 [9]. This surfaasmin is only TM polarized electromagnetic fieldabee for TE
polarized case there is no solution of the Maxs\ejuation. So for surface plasmon wave only Tifipet! electric field
exists. This wave is decayed exponentially in te&lnirhis Surface Plasmon Wave (SPW) is charactdny the

propagation constant as mentioned below [7], [8]-

g = W | _Ewép (L2)

c\ew + &,
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wherec is the angular frequenay,is the speed of light in vacuuen, andée,, are dielectric permittivities for metal and
dielectric respectively. So from (1.1) we can kaythe property of the SPW is dependent on tigertyaf the two

materials i.e. the metal and dielectric media.

Electric field

AT

Metal sphere . . .

\

\

/

Electron cloud

Figure 1.2: Localized SPR when field (light) intisavith the plasmons [9].

Now to create the surface plasmon oscillation we taeexcite the electrons in the conductor. Saesd to impinge EM
field (light) on the surface. We know that thetedsal permittivity for the conductor (metal) isgative and the electrical
pemittivity for the dielectric is positive. In tialelectric medium the propagation constant (maxijrean be written as
[7]-

p="e, 12)

c

We can say that the propagation constant for eysfasmon wave is higher than the propagatiorechiagtight in the
dielectric medium. As a result we cannot excitstiniace plasmon with normal light; we need tdheséght with extra
momentum or energy with the same polarizationagatise surface plasmon wave. Moreover the pragpaganstant

should be matched with the surface plasmon wave.
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CHAPTERII

LiteratureReview

Specially designed Optical Fiber (OF) can be waskagisensor. The OF for sensor application ggwdelsn such a way
so that there is a short portion in the fiber witereore refractive index is different from thealigber core and cladding
refractive index [1]. Normally, a periodic struetig introduced in that short portion of the OIE.clinis portion of the fiber
core reflects the light of a specific wavelengteerally known as Fiber Bragg Gratings (FBG).p& tof Distributed
Bragg Reflector (DBR) constructed in a short segofeéDptical Fiber that reflects the light of atipalar wave length
(known as Bragg wavelength) and transmit all olkhérsown as FBG. Where DBR s a structure formaed multiple
layers of alternating materials with varying refvadndex, or by periodic variation of some chiaratic (such as height)
of a dielectric waveguide, resulting in periodigasian in the effective refractive index in thedgL{10]. In other way we
can say that FBG is periodic wavelength scaleigariat refractive index inscribed in the segméthiefiber core. Bragg
gratings reflect the light at a particular wavelenghich satisfies Bragg condition. A sensor wisessitivity is based on
the Bragg wavelength shift of the Fiber Bragg @atis known as FBG based sensors. This reflectograting occurs
as coupling between forward and back propagatiolesra certain wavelength take place [11]. Thdieguoefficient
of the modes is maximum when special conditiorgfiBcandition) between wave vectors of light antbvecimber of

the grating is satisfied:
miA; =2[ng, [A (2.1

where,; is the wavelength of light called Bragg wavelenfittis grating periodh,, is effective refractive index of the

core andmis the diffraction order. The operation prinogiéber Bragg grating is illustrated in Fig. 2.1.

Page 4 of 59



4 Intensity Incident _Transmission

4

light Transmitted light
B <7 U

Wavelength _ O\ ~ -
& Wavelength

Reflection 2 Fiber core

L et
Reflected

— ) Periodic modulation of
Wavelength  light . o fracti
& index of refraction

Figure 2.1Fiber Bragg Grating, refractive index modulatiotgpectral response [10]

For a single FBG theoretically there exists igfinimber of Bragg wavelength. It can be clearty e (2.1), as for
different values ai i.e. diffraction order Bragg wavelength are it These Bragg wavelengths are separated from
each other by quite large spectral range, so ditpranly one (first or sometimes second) Bragmneece wavelength is
being used. For instance, when the first Bragglevayth of the grating (m=1) is 1550 nm, then thiergkone is twice

less: 750 nm. While the spectral range of souseesor fiber usually doesn't exceed 100 nm.

Additional Bragg peaks can occur if the modulatihe refractive index in FBG is not sinusoiddi@lv is usually the
case). For instance in case of rectangular g ourier spectrum the latter has a number difilaiion frequencies,
which can results in several Bragg peaks. Evegtthoost of the gratings inscribed in fiber hasynsusoidal index

modulation.

It is also possible to change the effective indidikeoguided mode using the evanescent wave tiaerf2]. The first
demonstration of evanescent wave interaction \Bia was illustrated for a chemical transducer Fi#ther research on
this type of sensor was done in [14H19]. ThinAB& was introduced in [20]; a portion of the clagdayer was lited off
so that the evanescent wave can interact witlatifeirgy mode properly.

Micro structured FBGs was introduced in [21], simscture is designed with a localized strippirth@tiadding layer with

radial symmetry along the grating structure.
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Another type of chemical sensor was designed paliagium with FBG. The sensing principle was ielisg of the Pd-

coating, resulting in a stress on the grating{ 23]

The Tited FBG (TFBG) was proposed by using the idat the transmission spectrum varies becatise ddding

modes resonance sensitivity to the surroundingdra mode couples to the cladding modes [26]4{32]

A novel idea was illustrated in 2007 by using tntase plasmon resonance with the TFBG [33]. Tewyiof TFBG is

valid here i.e. the core mode couples to the nigdabdes and resonance occurs of the surface plasvies.

Page 6 of 59



CHAPTERIII

Idea& Mehoddogy

31 SPR basd Tilted Fiber Bragg Grating Ssnsor

Recently Titted Fiber Bragg Grating (TFBG) is uasdh sensor based on the SPR principle. A snrigghpof the
cladding of the fiber was removed and a metaMias deposited (either gold or silver) at that gachat the surface
plasmon can exist at the interface of the metettiie (Fig. 3.1) as reported in [33]. Here thadgrgrating is titted so that
the guided mode can couple to cladding mode amaegsit it can excite the surface plasmon watestifing of the

Fiber Bragg Grating (FBG) is done in such a watytttisaphase matching condition is fulfiled for sugface plasmon

waves.
Gold film
Surrounding medium
/ N\
T s
Grating Core

Surrounding medium

Figure 3.1: SPR based TFBG sensor principle (FRegbivith permission [33]).
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32Miaowavelnteraction with Metals

Normally MW frequency is reflected from the metaface because the depth of penetration of MWiieilorder of
nanometers. So for a bulk metal there is aimeestes of the MW. But for the thin film metal ofmameter (nm) size has

a great impact of MW. As MW can penetrate the ragtial few nanometers to micrometer range.

The distance from the surface into the matetidtiah the power drops 6" ef the original value is known as the depth of

penetration or skin depth. In case of bulk metalanecalculate the depth of penetratidifor microwave frequency-

2
Yo

0=

3.1)

Whered is depth of penetratiom, is the angular frequency(= 27 , f is the microwave frequencyl, is the free
space permeability aral is the conductivity of the material. We want toudate the depth of penetration for bulk Au then
o =435x10° Q™' /m, assumingf = 245GHz and using (3.1) we gé&= 154 um. So from the calculation we
can see that for a bulk Au metal the depth of Einetis in micrometer range.

Again MW is an electromagnetic wave, so thereoailbddy current creation inside the metal film vésults heating
inside the metal flm (Fig. 3.2). It was reportedb7] that after the irradiation of 2.45 GHz Msuency with 563 W
incident flux of the microwave and 34.6 nm & 2% metal film thicknesses the heat increased ihgdeetal film very
abruptly. Within few seconds the temperature upas 550 K and become steady. This result ishson in Fig. 3.3
[67].

Microwaves
(EM Wave)

”J Eddy ,
Thin Metal Layer (nm) q cul‘l'ent q Heatlng

Figure 3.2: Microwave-Metal interaction
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Figure 3.3: Change in temperature of thin Au filith evthickness of 34.6 nm (left figure) and 2@&x&(nght figure) during

microwave irradiation [67]

For the SPR based fiber optic sensor normally eghaametal film at the cladding layer to suppersurface plasmon

wave. And the thickness of this metal film is in size so there will be a great effect of the MWhmmetal film. In

general the metal film used in the fiber sens@miR generation is gold (Au) or silver (AQ).

MW is an electromagnetic wave so it has two conmisiribey are H-field and E-field. For the H-fietamponent the

heating is much more comparing with the E-fieldimgdvioreover, one over four times less poweqgsired for heating

with MW of H-field than the E-field as reported34] as shown in Fig. 3.4.

_ . (b) E-field
(a) H-field o
700 r & e emmeppewwm="T -
S00 b= 5 .
800 | & E7 M
\ N [ AP i —
o LEN TSl S wl ==
T S h N < J
% \\~<——‘_ ———— B ==
2 a0 J' £ ol
4 J g —T1
B o0 § . -T2
= —T1 = W0k 3
200 | =2
T3 100 b
100 |-
............... . ” .
o 0 , P 0 10 0 30 40 50 50 70 80
Tim Time (sec.)

Figure 3.4: Microwave effect on Au film with diféet thicknesses T1=45 nm, T2=133 nm & T3=407 nfor(gMield

(b) for E-field [34]
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33Miaowave Detetion Possbility

Natural property of microwaves is that when mick@sampinge on the metal film surface with thektiéss of nm size,
the temperature of the metal film increases. &hipérature change causes the SPR wavelengttt. tVishifwave
detection flowchart is shown in Fig 3.5 & Fig 35 the temperature is increasing in the metal thittbe thermo-optic
effect. Due to this thermo-optic effect the effectefractive index and the period of the FBG lvalichanged. As we

already know that the FBG works as per the forbitav-
miA; =2[ng [A (32

In (3.2) there are two parameters & N ) that depend on the external change i.e. temperdBecause of the

temperature effect the period of the grating amdffiactive refractive index will change so thegBraravelength will shit.

Assume that due to the temperature change the effective index is changing by An_, and the period of the grating

by A/ , which will result in overall Bragg wavelength change AA; . Thus the Bragg condition will take the following form:

Ay + DA, =2[(ny, +Ang ) [(A +AA)

= 2(n,, O\ +ny, (DA +A[Dn, +An, (DA) 83)

The last term of the expression can be neglediad asultiplication of two small quantities. Soeixpress the change of

Bragg wavelength (3.2) becomes -

Adg = 2(ng [AA + A LANy ) (3.4)
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Figure 3.5: Howchart for the proposed MW detesihieme using Titted FBG

Page 11 of 59



/ Reference \

\ \v\\/avelength Tury

A

MW Frequency
Impinging on the
Detector/Sensor

Deep Deep Penetration .
.. Low Penetration
Penetration into or into the Metal
the Metal Low Penetration
) 4 ) 4
Small Eddy Huge Eddy
Current Current
Creation Creation
) 4 ) 4
Heat Heat
Increased Increased
) 4 ) 4
Temp. > Temp. >>
Ref. Temp. Ref. Temp.
) 4 ) 4
Wavelength Wavelength
Shift > Ref. Shift >> Ref.
Wavelength Wavelength
/ Low MW / High MW
| Frequency | | Frequency |
\ Detected / \ Detected /

Figure 3.6: Howchart for the proposed MW deteaizheme using Titted Chirped FBG concept

Page 12 of 59



CHAPTERIV

Experimeant & Reaults

4.1 Experiment for Uniform FBG

A uniform FBG was used in the laboratory to chieeltemperature effect on the Bragg wavelengttealing panel was
used to heat up the FBG section. The heatingyaselonnected to a current source so that weresiéicurrent which
results the temperature change of the panel. dhtie fiber was connected to a LASER source dighitacoupling
arrangement was considered to ensure 100% canfitiegight to the fiber. The output section efftber was connected
to an Optical Spectrum Analyzer (OSA) thus we bariwe the output wave of the FBG. We increasediiast from O
Ao 0.80 A as a consequence the temperature chas@d.£C to 51°C. The experimental setup is shown in Fig. 4.1 &

Fig. 4.2. The Bragg wavelength shift is listetiéTable 4.1.

0.8 A S
/T s08C |\
Current
Source Temperature
Indicator
pa

000 \\—k(iL/

e N § ¢
OO O Light
C((’Tuoplcfugl':‘ LASER-Light Source
Heating Panel light into the (Broadband ASE Source)
Optical Spectrum fiber)
N Awlzer

Figure 4.1: Experimental setup
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Figure 4.2: Practical work bench

4.2 Experimental Datafor Uniform FBG

Table 4.1: Experimental data for uniform FBG

No. of Readings Current (A) Temperatfie) ( Wavelength (nm)
1 0.00 24.1 1583.294
2 0.04 244 1583.295
3 0.08 25.1 1583.300
4 0.12 25.7 1583.304
5 0.16 264 1583.310
6 0.20 27.2 1583.317
7 0.24 28 1583.324
8 0.28 288 1583.332
9 0.32 29.7 1583.339

10 0.36 30.8 1583.350
11 040 32 1583.359
12 044 331 1583.370
13 048 345 1583.383
14 0.52 35.6 1583.392
15 0.56 37.2 1583.408
16 0.60 38.7 1583.422
17 0.64 434 1583471
18 0.78 45 1583.487
19 0.72 47 1583.506
20 0.76 4388 1583.522
21 0.80 51 1583.544
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Experimental result is plotted as Temperature ehag@ragg wavelength shift (Fig. 4.3) & its liriggng (Fig. 4.4). One

of the observed shifted Bragg wavelength in Oijoattrum Analyzer (OSA) is shown in Fig. 4.5.

60

th
[—]

L
[—]

Temperature Change (C)
[ (7]
= =

ot
=
T

0 i i i i i i i
1583.2 158325 15833 158335 15834 158345 15835 1583.55
Bragg Wavelength Shift (nm)

Figure 4.3: Bragg wavelength dependence on telomgera

60

7]

40

30

Temperature Change (C)

...

0 | | i i i | |
15832 158325 15833 158335 15834 158345 15835 1583.55
Bragg Wavelength Shift (nm)

Figure 4.4: Experimental results of the Bragg veaigth dependence on temperature and linear fitting.
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Figure 4.5: Observed Bragg wavelength in OpticatiBpm Analyzer.

43 Cdaulation of Error for Uniform FBG

For the calculation of the error [3&] us consider the measurements with readinggl2la

Table 4.2: Data for error calculation of FBG

No. of Readings TemperatLig) Wavelength (nm)
14 35.6 1583.392
21 51 1583.544

The absolute error of the temperature {Xahd for wavelength 0.001, so the sensitivity is:

S= (A1t Myy) — (D £ Do) — (A1 = Ahg) £ DAy _err
(o2 ATgy) —(T1g 2 ATg) (T —Tyg) £ AT o

0152

154

+AS,, =0009% AS,, @)

Where the errors from the difference can be ctaidifimam absolute errors by:
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AAdif _er = \/(AAerr )2 + (A/]err )2 = \/Z(AAerr )2
=,/2(0.001)* =0.0014 (4.2)

ATdif _er = \/(ATerr )2 + (ATerr )2 = \/Z(ATerr )2

=,/2(01)2 = 014 (4.3)

Error generated from the ratio can be calculatbe iollowing way:

2 2
ASe” =S A/]dif _er + ATdif _err
JAY) AT

2 2
= 00099 20014} L ( 014) " _ 4 hoo1zmec
0152 154

AS,, = 013pm/°C @4

So the sensitivity with the calculated erro(&9 + 0.13) pm/°C
44 Expeiment for Chirped Fiber Bragg Grating

In a similar way we conducted a common experimerCieBG to know the exact temperature effect ofhie
experimental setup was same as before. It is meshiiwefore that in (3.2) two parameters depengtema condition
change, i.e. change of temperature. These pasuareteeffective index of the core,() and the period of the grating
(\). When temperature changes the effective indgsashanged due to thermo-optic effect, whilgéined changes

due to thermal expansion of the glass. As a aésethperature variation the effective index is\gimg byAn,, and the

period of the grating l/\ , which will result in overall Bragg wavelengthisheAA; .

A current source to heat the panel was used (aidvpeeviously) where the CFBG was attached. Theertuwas
increased from OA to 0.8A which resuits the tenyrerincrease of the panel from 2o 54.6C respectively. Due to

the temperature change the related wavelengtis &iiftd in Table 4.3. This result is plotteHio 4.6.
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45 Expeaimental Datafor Chirped FBG

Table 4.3. Experimental data for CFBG

No. of Readings Current (A) Temperatd®) Wavelength (nm)
1 0.00 277 1583.310
2 0.04 284 1583.312
3 0.16 30.7 1583.313
4 0.20 316 1583.318
5 0.24 325 1583.322
6 0.28 334 1583.327
7 0.32 34.5 1583.334
8 0.36 35.7 1583.342
9 040 370 1583.351

10 044 385 1583.361
11 048 40.1 1583.374
12 0.52 415 1583.385
13 0.56 432 1583.399
14 0.60 447 1583414
15 0.64 46.8 1583433
16 0.78 48.8 1583.450
17 0.76 52.6 1583.486
18 0.80 54.6 1583.502
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Figure 4.6: Bragg wavelength dependence on tenmgsga linear fitting for CFBG.

In Fig. 4.6, linear fitting is performed by MATLA&d is presented together with experimentallyraataturve of Bragg

wavelength dependence on temperature. The sgraiiserding to this fitting is 7.44pa/.

If we pay more attention to the experimental cuvescan see that in the beginning, the measurevastt performed
appropriately, as in this region the dependemae isear. Additionally, the linear region is terfrom the temperature of

42°C and finished at 5&. The result of sensitivity was calculated onf§tat region and found as 8.90@y/

From the above result it is clear that the temperatsponse for the CFBG is linear same as toenurBG for a
specific wavelength. From the experimental reselican see that there is an average 6 pm waveshifigthue to £C

temperature change.

4.6 Calaulation of Error for Chirped FBG

As we did previously, for the calculation of elebus consider the No. of readings 12 and 18.
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Table 4.4: Data for error calculation of CFBG

No.of Readings | Temperati€) | Wavelength (hnm)
12 415 1583.385
18 54.6 1583.502

The absolute error of the temperature i&Dand for wavelength 0.001, so the sensitivity is:

g= (Mgt Dar) = (A Mg )
(Tig £ ATgr ) = (Tip £ ATy )

_ (Mg = M) £ DAt o _ 0117

(Tig —T12) ATt e
= 0.0089+AS,,

131

+AS,,

Where, the errors from the difference can be aeiiclirom absolute errors by:

A/]dif _er = \/(Merr )2 + (A/]err )2

= \/ 2(Ag;)? =4/2(0.0032 =0.0014

ATdif _er = \/(ATerr )2 + (ATerr )2

= \/Z(ATerr )2 = \/2(0.1)2 =014

The error coming from the ratio can be calculatéut following way:

2
ASerr =S A/]dif _ar + ATdif _ar
AV AT

2 2
— 00089 0.0014 N 014
0117 131

= 0.008¢[0.01€ = 0.0001<nm/°C

AS,, = 014pm/°C

So the sensitivity of the sensor with the calaliieter is: (8.9 + 014) pm/°C .
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CHAPTER YV

Discussion

From our experiment we can see that there is adiredationship between the temperature
change and the Bragg wavelength shift. It is oletivom the experimental data that the
average Bragg wavelength shift is 0.009 nm peraie@. This implies that with the change
of temperature the Bragg wavelength shifts lineakly/ reported in [36] they got the result
shown in Fig. 5.1.

If we compare these two results we can see thariigeln a similar way in case of Tilted
FBG, the Bragg wavelength shifts due to the tentpegachange. So the SPR based TFBG
sensor can sense a small temperature change feo8PIR wavelength shift observation.

1.0 : : Illl

Normalized Transmission

Bi'agg
1 LS ] L ] /A I 1 Y
1534 1536 1538 1601 1602 1603

Wavelength (nm)

Figure 5.1: SPR and Bragg wavelength shift duenapierature change (Reprinted with
permission-[36]).

When a MW is impinging on the metal film of thisnkli of sensor then the temperature of the
metal film will be increased. The corresponding pemature change can be identified by
measuring the SPR wavelength shift. As the penetratepths of various MW frequencies are
different, the observed wavelength shift will als® different. By comparing the wavelength shift
of the SPR wave with the reference wave (at roomperature) we can detect different MW
frequencies.
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If the MW frequency is higher, it cannot penetrdéeply into the metal but the eddy current will
be increased and it will produce much more heata Asnsequence the wavelength shift will be
greater from the reference wavelength. And for lo&V frequency, penetration will be higher

but the eddy current will be lower compared wita thgher MW so temperature will be increased
from the reference temperature, wavelength wilftslom the reference wavelength but not that
much as it is for high MW frequency (referring teetflowcharts in chapter-3). So it is possible to
detect the MW frequency by using the SPR based TE&®&Gor with a small modification. The

proposed sensor is shown in Fig.

Microwaves
(EM Wave)
/ Gold Thin Layer
Cladding
— R‘IIIIIIIIIIIIIIIIIIIII ——=>  Core
Cladding

Tilted FBG

Figure 5.2: Proposed MW sensor using TFBG

The thickness of the metal film has great imporgattcsense the MW frequency. It is explained
in chapter six. The penetration depth of MW frequyemaries with the corresponding frequency
change (higher or lower MW frequency). If we vahe tthickness of the metal layer then the
sensitivity of the sensor will be changed as th® $°changing. If we use the thickness of the
metal around 60 nm then it is possible to achiewvgd refractive index change as well as large
range of resonance wavelengths as reported in BJ]the sensitivity range of the sensor is
increased. But it is necessary to design the semms@n optimized way because the MW
penetration rate is not too much for metals dut¢oattenuation in the metal. It was measured for
K-band MW frequency by Maxwell that the attenuatiorgold is 0.6 dB/meter and in Silver it is
0.41 to 0.57 dB/meter as reported in [38].
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Figure 5.3: SPR wavelength shift correspondindnéorefractive index change (Reprinted with
permission-[36])

For example if we consider the Fig. 5.3 we cantbaethe SPR based TFBG sensor can sense a
small temperature change (which is related to theactive index change) from the SPR
wavelength shift observation. So when a MW is ingpig on the metal film of this kind of sensor
then the temperature of the metal film will be gesed. The corresponding temperature change
can be measured by measuring the SPR wavelendthBphicomparing the wavelength shift of
the SPR wave with the reference we can detect iefMquency. So it is possible to detect the
MW frequency by using the SPR based TFBG sensor.
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CHAPTER VI

Analysis

It is clear from the discussion that the thicknetshe metal film has great importance to sense
the MW frequency. The penetration depth of MW freoey varies with the corresponding
frequency change (higher or lower MW frequency)w# vary the thickness of the metal layer
then the sensitivity will also vary.

For different microwave frequency the depth of pet®n into the metal will be different.
Considering the Au metal film with conductivity @x10 Q*m (thickness, 55 nm [69],[70])
and using (3.1) the depth of penetration into tleg¢affilm is calculated in Table 6.1.

Table 6.1. Microwave frequency and Depth of penieina

S. | MW frequency Conductivity Depth of penetration
No. (GH2) (for thin Au film) (nm)
1 300 205.5
2 200 251.8
3 100 356
4 50 503.5
5 40 563
6 30 650
7 20 796
8 15 919
9 10 20x10 Q/m 1126
10 5 1592
11 4 1780
12 2.45 2275
13 1.9 2583
14 1.8 2654
15 0.9 3753
16 0.85 3862
17 0.3 6500
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Figure 6.1: Microwave frequency vs penetration ddpt Au metal film

It is clear from Fig. 6.1 that for lower microwafrequency the penetration depth is higher and for
higher microwave frequency the penetration deptlowger. Though the penetration depth for
higher microwave frequency is lower but the eddgrent creation in the metal is high for high
microwave frequency and vice versa.

It is reported in [40] the Au thickness affects 8i@R. When the thickness of the Au film is 60 nm
to 70 nm the SPR wavelength shifts from 608 nm@d fim with respect to the refractive index
change from 1.33 to 1.40. When the thickness isedsmng the SPR wavelength shift is also
decreasing. As example at 20 nm film thicknessSR& wavelength shifts from 560 nm to 620
nm.

So, if we vary the thickness of the metal layenttiee sensitivity of the sensor is also changed as
the SPR is changing. When the thickness of the Ineetound 60 nm, it is possible to achieve
large refractive index change as well as large eamigresonance wavelengths. More over the
thickness of the metal will also affect the transed light as well [40].

The quality factor of the sensor is also dependarthe thickness of the metal film as reported in
[39]. It was experimentally shown that gold filmidkness is also responsible for the quality
factor. In this experiment they used the 820 nnfectdnce wavelength. They found a good
quality factor for the Au film thickness rangingopin 60 nm to 75 nm. SPR spectrum will be
sharper if the quality factor is higher and shaRRSpectrum is desirable for sensing application.
It was measured that at 64 nm gold thickness, Bfe §pectrum can get highest quality factor.

It is also possible to use metal alloy to achieP&Sather than the single metal (like only Au or
AQ). It was reported in [42] that the sensitivitydathe signal to noise ratio (SNR) for Au-Ag alloy

film is better than the conventional single messidr.
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Figure 6.2: SNR vs. Ag-Au alloy film thickness (Rieped with permission-[42])

From the Fig. 6.2 we can see that the SNR is hifghrehg-Au alloy film than the SNR for single
metal or SO, - Au composite. For the alloy the SNR goes from8Q@ 0.92 and for the single

layer metal it goes from 0.24 to 0.82.
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Figure 6.3: Sensitivity vs. Ag-Au alloy film thiclkss (Reprinted with permission-[42])
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Similarly considering Fig. 6.3 it is observed thlaé sensitivity is higher for Ag-Au alloy film
than the sensitivity for single metal &O,- Au composite. For the alloy the sensitivity range

from 2.65 pm per RIU to 3.18 um per RIU for theckimess of the metal film from 35 nm to 60
nm. Whereas the sensitivity range for single mtal is from 1.80 um per RIU to 1.88 um per
RIU.

For this Ag-Au alloy film we have to consider sofaets that’s related to the performance of the
sensor like [42]-

To get good SNR and sensitivity we have to use lughcentration of the Ag in the alloy
comparing with the Au concentration. The sizeshefAg and Au nanopatrticle in the alloy should
also be considered to get better performancesliy-iwa have to use the alloy thickness in an
optimized way to get good performance from the sens

As reported in [40] that Au-Cr composite can bedut® the SPR generation by forming the
Kretschmann configuration on the fiber cladding.

It was also reported that the metallic coating o fiber for SPR generation can also be done by
using Indium Tin Oxide (ITO) which can be used émsing application [43].

Moreover, instead of using SPR-TFBG sensor we ca&ndifferent configuration as reported in
[40]-

Surface Plasmon Wave
Metal (Au/Cr)

Cladding . ’
125um -

Analyte

Core : 3um
Length : 10mm

Figure 6.4: SPR based Hetero-core structured dpiiea sensor [40]

As shown in the Fig. 6.4 that there are two kinfi$ilers one is transmission fiber with large
diameter and other is thin diameter fiber whichentsd into the transmission fiber. This thin
diameter fiber works as the sensing region. Anddhéu is deposited around this region for SPR
generation. When the light reaches at the endeofrdnsmission fiber and at the beginning of the
thin diameter or core fiber then most of the liglatve becomes leaky modes and evanescent SPW
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is generated. Here the Cr is used in between themklcladding for firm adhesion which is
similar as Kretschmann configuration [40].

There is another possible configuration that carused to get SPR if the propagation constant
can be matched. As we know that if we bend thecapfiber, when it exceeds certain radius the
guided modes become cladding modes. This is ondgiple when the bend reaches at certain
radius. Here we will find out the exact radius dietr the guided modes become cladding mode.
The proposed configuration is shown in Fig. 6.5.

Gold Thin Layer

Cladding

Cladding

Figure 6.5: Bended waveguide with fixed radius #md gold layer

We will be considering the waveguide (WG) bendifiiga for Silicon on Insulator (SOI) and
Silica on Silicon (SOS) material system. To geneeathe analysis, specific polarization issue
was not considered here.

6.1 Waveguide with SOl Material System

A mode is guided when the modulus of the effectnaex is larger than the modulus of the
refractive index of the cladding, in this case wihmn,|>|ns 1|. We calculated the effective index
by using effective index method (assuming commaarpaters):

Netf,1 = 2.517287, &= 2.822689

From the simulation (using CAD tools i.Bython, Mapple) we see that the first order mode
becomes guided at WG width of about 0.60 um wrscshown in Fig. 6.6.
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Figure 6.6: g of different modes as a function of the WG width $OI

We calculated the optimal width of the waveguidewhich a second mode starts to propagate
theoretically. The optimal width can be calculated

d=2c

2 2
2 \/neff 2 " Net g

1

= 061um (6.1)

Which corresponds to the value derived from theutation results and is listed in Table 6.2.

Table 6.2: Effective index of the fundamental ainst order mode as a function of WG width for SOI

Width (um) R# Fundamental Mode R First Order Mode
0.1 2.530534 + 0.000018j 2.514119 - 0.000207]
0.2 2.563973 2.514266 - 0.000193]
0.3 2.605265 2.514449 - 0.000176]
0.58 2.698217 2.516418 - 0.000035j
0.61 2.705179 2.517420 + 0.000004;
0.65 2.713694 2.520073 + 0.000041;
0.75 2.731649 2.537011 +0.000006j
0.85 2.745759 2.562238
1.0 2.761698 2.601892
1.2 2.776416 2.647381
1.3 2.781886 2.666058
1.5 2.790304 2.696294
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6.1.1 Eigenmodes of SOI Bent Waveguide

The ng of a circular bent waveguide was calculated asnatfon of the radius of the bend. We
determined the values for tis&rt, end & steps parameter usiniylaple. The number of steps was
chosen so that there are 15 steps (or more) irtbielevaveguide. The contrast between the
refractive index of the waveguide and the indexhef cladding should be clearly visible so the
mode will be confined in the waveguide, this metirag we can’t choose ttstart andend values
too far apart. However, we also need to leave sointee cladding area (with a higher refractive
index) in the simulation, because the program (ktou) uses this area to determine the losses.
We expect the profile of the guided mode to be eatrated in the outer rim of the bent
waveguide, because the mode is most strongly guideae area with the highest refractive index.
When the radius becomes smaller, the mode wilt €wén more towards the outer edge of the
waveguide. As the refractive index will be largearn the effective index of the waveguide mode
at a certain distance from the bend, the effectndex of a waveguide bend mode will be
complex.

After choosing the correct values for the paransetee obtainedds as a function of the radius of
the bend. Fromda the attenuation coefficient, can be calculated through the formula-

as =-Im(ng )iko [R 6.2)

Where R- radius, & - effective index andk, = 277/4 . This formula also shows that when we are

looking for a guided mode (with low losses), we dhae find the mode that has the lowest
imaginary index.
The losses in dB/90° can be calculated by using-

T
2

LosddB/90°] = -10 Eﬂog[e% j =100@, Bg [og(e) (6.3)

The values of &, a, and the loss as a function of the radius are ginefable 6.3. The losses
versus radius are graphically represented in Fig.aéd Fig. 6.8 describes the relation between
effective index and radius of the waveguide befidvd accept losses of up to 2dB/90°, the
minimum radius of the bend is 8 um for SOI syst&mall bends can be made because of the
high refractive index contrast between the corethrdtladding.
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Table 6.3: Effective index and loss as a functibthe radius of the bend for SOI

Radius (um) Re(nx) IM(Net) [es] [/ Loss [db/90°]
40 2.718803 0 2.718803 0 0
30 2.733720 -0.000005 2.733720 0.0006081 0.0041480
20 2.747102 -0.000131 2.747102 0.0106206 0.0724525
15 2.770437 -0.000679 2.770437 0.0412866 0.2816524
10 2.800504 -0.004459 2.800507 0.18075%31 1.2330760
05 2.926480 -0.028697 2.926621 0.5816405 3.9678880
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Figure 6.7: Losses as a function of the radiusHferWG bend in case of SOI
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6.2 Waveguide with SOS M aterial System

In case of the SOS waveguide we obtained the efeeaddex in a similar manner as it was
calculated for SOI system, which areg n= 1.45, @y2 = 1.457476.

From the simulation results for this system wetbe¢ the first order mode is guided from a width
of 5.26 um (referring to the Fig. 6.9). When we (&4) as we did for SOI, we got the theoretical
value of the optimal width which was 5.26 um, tharesponds to the value derived from the
simulation results and are given in Table 6.4.

1.46

1.458

1.456

1.454

Ineffl

1.452

145F -~ mmmssEsssss===-

1.448

= Fundamental mode
==-+First Order mode

Width (um)

10 12

Figure 6.9: g of the different modes as a function of the witthSOS

Table 6.4: Effective index of the fundamental ainst order mode as a function of WG width for SOS

Width (um) rR# Fundamental Mode ef First Order Mode
1 1.450591 1.449877 -0.000001]
3 1.453017 1.449894 -0.000001]
5 1.454671 1.449965

5.26 1.454824 1.450000
6 1.455199 1.450271
6.3 1.455330 1.450464
6.6 1.455451 1.450683
7 1.455597 1.450997
9 1.456141 1.452509
11 1.456481 1.453659
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6.2.1 Eigenmodes of SOS Bent Waveguide

Following the same simulation (with different paeters) as we conducted for SOl system we
got the values ofda, o, and the loss as a function of the radius for S@¥es. These results are

listed in Table 6.5. The losses are graphicallyesgnted in Fig. 6.10 as a function of radius. The
effect of radius with effective index is also shownFig. 6.11.
2dB/90° as we considered for SOI, the minimum raditithe bend is 2.5 mm for SOS system.
Smaller bends cannot be made because of the loactek index contrast between the core and

the cladding.

Table 6.5: Effective index and loss as a functibthe radius of the band for SOS

If we accept losses of up to

Radius (um) Re@) IM(Net) |nes] (VP Loss [db/90°]
1700 1.457722| -0.000220  1.457722 1.5160[72 10.34244
1750 1.457646 -0.00014% 1.457646 1.0286018 7.01711p
2000 1.457310| -0.000074  1.457310 0.599943 4.092739
2500 1.456758| -0.000032  1.456758 0.324293 2.212291
3000 1.456396| -0.000014  1.456396 0.170254 1.161453
3500 1.456150| -0.000002  1.456150 0.0283/76 0.193576
4500 1.455842 0 1.455842 0.0000Q0 0.000000

Loss (dB/90 Degree)

Figure 6.10:

Radius (jum)
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Figure 6.11: g as a function of the radius of the WG bend in cds®OS

In this analysis we considered the waveguide bdér@Db Here the reference acceptable loss we
considered is 2 dB/90It is clear from the simulation results that ase of SOI waveguide, this
acceptable loss was obtained withr8 bending radius. Whereas for SOS the bend radiiss2nb
mm. Radiation losses increase nearly exponentiatly decreasing bend radius. For SOI system
the small bend can be obtained due to the higlacte index contrast between the core and
cladding but it is not possible for SOS system heeaof low refractive index contrast between
the core and the cladding.

So we can say that in case of SOl material systameguide, we will get the cladding mode after
exceeding the bend radius ofig and for SOS material system it is 2.5 mm.

Another important parameter we have to considethferdesign for SPR based fiber optic sensor
that is the polarization effect. The surface plasnwaves are very much dependent on the
polarization effect. So polarization controllingeelents are necessary to control the polarization
effect on SPR. As a solution of this problem relgemew type of fiber is fabricated with different
material deposition. By using a double depositidnaometallic and a dielectric layer on a
uniform-waist tapered optical fiber (Sym DLUWT)i# possible to eliminate the polarization of
the plasmon excitation [43].
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Figure 6.12: Polarization independence characiesisf the symmetrical DLUWT (Reprinted
with permission-[68])

In the Fig. 6.12 the SPR shown as- dashed lineesmond to the use of polarization controlling
elements and solid lines represent without usehefpgolarization controlling elements (Sym-
DLUWT). It is clear that the performance is same Ibmth cases by using the polarization
controlling elements and by using Sym-DLUWT fib8o if we use Sym-DLUWT it is possible
to make polarization independent fiber which supptire SPR.
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CHAPTER VII

Efficient Design Considerations

It is discussed earlier that the FBG can be prodlucehe core with some tilting angle so that the
reflected wave becomes the cladding mode. Butahdase the input wavelength was fixed. Here
discussion is conducted to identify the way howhange or vary the input wavelength inside the
fiber so that the sensor can be used with morebiléy. So the idea is to use Tilted Chirped
Fiber Bragg Grating (TCFBG). Before discussings ihecessary to consider the characteristics of
CFBG.

Fig. 7.1 shows a chirped grating with lengthand chirped BWALip. And this BW is related as
[44]-

A/1chirp = 2Ny (/\Iong _Ashort): 2Nt A/\chirp (7.2)

Grating AAchirp S
Ashort Ao Along

N \ 4

Fiber Lg, A)\,chirp

Figure 7.1: Chirped grating

The phase matching condition for the grating cawbgen as-
/]Bragg = 2/\gﬂeff (7.2)

where A is the period of the grating section.
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How many steps will be in a chirped grating that ba formulated as-

2neff A/]chirp

mZ (7.3)

N _
L Bragg

where A, is the central Bragg wavelength of the grating.

Now using lg = 100 mm, Ay, =0.75 nm & Bragg wavelength 1550 nm they [44] gb0 2

sections with 2 steps/mm and next 42 steps was wgbd0.42 steps/mm. For both cases the
reflectivity characteristic was approximately tfeer®. So we can say that if we vary the sections
of the grating from lower to higher or vice verdae treflectivity characteristics remain
approximately the same. To get a clear conceptdbagider another case with 4 mm long grating
and 2, 3 & 50 sections and got the same result.

So from the above discussion we can say that tefleacharacteristic of a CFBG is not
completely dependent on the step size of the graGonsidering these characteristics-

» the idea is to introduce several TFBG with différperiod (Tilted Chirped FBG) in the
fiber core so that each section of the TFBG calecttlifferent wavelengths as shown in
the Fig. 7.2.

» to decrease the reflection inside the cladding,m&y use some sort of anti reflection
coating (ARC) inside the cladding to get maximumngmission of the wave reflected
from the TFBG. So that maximum reflected claddingde can reach at the metal-
dielectric interface. We will be analyzing the peofies about the ARC in the next section
to check the possibility of using it in the sensor.

» we will be considering the gold layer (with 50-681 thickness) as a metal thin film, so
that the surface plasmon can exist at metal-digteictterface of the sensor.
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Gold Thin Layer

Cladding

—— /I I —=>"Hl = core

Cladding

Tilted FBG with Different Periods

Figure 7.2: Proposed MW sensor using Tilted ChipB& concept

There are several things we need to consider:

The coupling condition for this case is [45]-

.
core cladding ) A

[ —
/]r%onance - (neff + Nt (7.4)

cladding

where A esonance IS the ith resonance of ith cladding moaf@., NS are the effective indices

of core and cladding modes respectively ands the period of the FBG. As we will be using the
tited FBG so the angle consideration need to belwed in (7.4). The tilting angle of the grating
plane with respect to the axis of the fiber, neetié¢ considered. So the modified grating period
becomes-

Ng = (7.5)

where @ is the tilting angle. Using (7.4) & (7.5) we dbe final equation as-

core , cladding' ) A

[ —
/]reﬁonance - (neff + Negs co<d (7.6)
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If we use three Tilted CFBG then we can have thedlected wavelength which can excite the
surface plasmon. As a result we can have the wagtidlexibility. This can be compared with

the result as reported in [45]. They inscribed ®ragg grating with different periods in a same
fiber core.

For the first FBG the SP-resonance wavelength fouasl approximately at 0.7vm but for the
second FBG with different period the SP-resonanagelength was approximately at 0.8h.

So by using chirped FBG the SP waves can be exaitedresonance occurred with various
wavelengths.

The sensor characteristic also depends on thecteigandex change, FBG length variation and
thickness of the gold layer. In [45] they usedaefive index variation of 1x1%) 3x10° & 5x10°
and found different transmissions for example ah46ode the approximate transmission were
0.98, 0.70 and 0.38 respectively. Next they usey@mgrating length of 1 mm, 2 mm and 3 mm
and found different transmission peaks, at 46th entbet approximate transmission were 0.84,
0.57 and 0.38 respectively. Finally they vary thiekness of the thin metal film, they used 40 nm,
50 nm and 60 nm and got abrupt change in the triasgn peaks and wavelength shifts, at 46th
mode the approximate transmission were 0.35, MW8PDBO respectively. The related wavelength
shifts observed for 46th mode were 0.8086 pum, 87.80m and 0.80875 pum respectively.

For better performance we may make the claddinthefoptical fiber of the sensor using anti
reflection coating (ARC) materials. To check thesgbility of using ARC materials as cladding
we first consider the characteristic of the ARCo do so we considered two material systems in
such a way that the plasmon wave exist at the /@& interface -

i) Effect of ARC for SOI material system

i) Effect of ARC for SOS material system

7.1 Effect of ARC for SOl Material System

The propagation of electromagnetic waves generfated any light source normally influenced

by the layered stack of media. The travelling liglaves will be reflected, transmitted, refracted
multiple times by interfaces between different naedbo, different waves will present to the
electromagnetic field in each layer of the stackchresults interference phenomena [46], [47].
Some of the light incident on the stack of layeil$ be transmitted, part of it will be absorbed and
part of it will be reflected. Maximum transmissiand minimum reflection is desired at many
applications. One of these applications is the refigiction (AR) coating, the design and

fabrication method is discussed in [48].
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One example of this AR coating is the efficient giing of light from a fiber to waveguide or
photonic integrated circuit and its surrounding med This AR coating is used in several related
applications [49]-[51] A general case is considdnede- an antireflection coating is developed so
that the transmission of the guided mode of theegaide structure through the interface between
the photonic integrated circuit and its surroundimgdium (air) is maximized [52] and to observe
the polarization effect of light on antireflectiorpating. This AR coating is also used in
telecommunication application [53].

W = 0.58 um

0.07 uml .

Figure 7.3: Waveguide facets for SOl material syste

At the end facets (input and output side) of a phit integrated circuit light is coupled
respectively from and to an optical fiber. In ordermaximize the transmission for horizontal
coupling an antireflection coating can be deposited the facets of the chip. Such an
antireflection coating consists of a stack of thims with accurately chosen thicknesses and
refractive indicesFor our analysis we will be considering the systsnshown in Fig.7.7. The
guided mode of the waveguide is assumed as a Gaussam. In Table 7.1 the properties of this
beam are giverny andoy are the typical dimensions of the Gaussian functio

In Essential Macleod all layers of a stack are hgemeous. In this case the substrate is the cross
section of a waveguide structure, which obviouslynot homogeneous. Consequently, we
modeled this cross-section by one single numberthe effective indexen of the guided mode

of the waveguide. Herk is the wavelength.
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Table 7.1: Dimensions of the Gaussian field prdfbieSOI
Material System| Ao [um] ox [um] oy [um] N (Negr)

SOl 1.55 0.39 0.46 2.7

7.1.2 Design & Simulation of AR Coating

First a single-layer coating is designed, thers ibptimized and finally design of a multi-layer
coating is conducted with the aid of the CAD tosk&ntial Macleod.

We consider the transmission at the interface efwhveguides (Fig. 7.3). In Essential Macleod
we can only calculate the transmission throughaaksbof homogeneous layers, so we model the
cross section of the waveguide structure by onglesinumber, the effective indexqnof the
guided mode of the structure.

The CAD software enables us to calculate the tréssam of plane waves incident at an arbitrary

angle, but the guided modes of the waveguide strestare approximated by Gaussian beams
(the properties of which are given in Table 7.1} ¥an solve this problem by decomposing the
Gaussian beam into its plane wave components threpgtial Fourier transform, calculating the

transmission for each of these components andubielg the inverse Fourier transform to obtain

the transmitted beam.

The transmission through a layer stack is calcd|asdnich is built up of a semi-infinite substrate
layer (in this case the waveguide), a number af fihms and another semi-infinite medium (in
this case air). The thickness of each layer casdbdoy a physical thickness and by an optical
thickness. The optical thickness is equal to thalmer of wavelengths the layer contains:

physical thickness

G

Optical thickness =

7.1.3 Result & Analysis
7.1.3.1 Without AR coating

To have clear understanding first of all, the measient was conducted without any coating so
that we can use it as reference. In this case there transmission above critical angle i.e.

Critical angle= sin'l(%j = 2174°
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We also observed 100% transmission at Brewsteearg!

Brewster angle= tan‘l(%j = 2032°

* Transmittance (%) # Transmittance Phase (deg)

a0

: i . A + P e -: ; = s i ;
1] 1 20 30 40 50 a0 70 30 oo
Incident Angle (deg)

Figure 7.4: Transmission for all polarizations whileere is no coating: magnitude (solid lines)
and phase (dashed lines). TM: red, TE: blue, Mgeeen

For perpendicular incidence (incident ang®-téansmission can be calculated [54] as-

n —
r=—" ~ =046
Ng +1

T=1-R=1-r2=7%

The phase is zero everywhere i.e. Phase = 0.
Because there is no coating, as a result no ptesee and no interference.
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Figure 7.5: Input field amplitude
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Figure 7.6: Output field amplitude (mean)

TM Polarized Light = 79.6163%

TE Polarized Light = 67.3830%
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From the Fig. 7.4 it is clear that Transverse-EiedTE) polarized light transmission is slightly
lower than the Transverse-Magnetic (TM) polarizetitl because of the Brewster angle but both
polarizations (TE & TM) have similar amplitude pief As there is no coating it is desired that
there will be no interference at the output. Thgpatishould be same as the input (Fig. 7.5). But it
is clear from the Fig.7.6 that there are interfeemnat the output. These interference fringes
around the edges of the Gaussian beam becausee#ime Wwidth is small compared to the
wavelength, which causes diffraction. Global traissmon is calculated using the Table 7.1
parameters and MATLAB simulator. Thus we get gldbahsmission as-



As expected, the global value is slightly lowerrthie value for perpendicular incidence because
the Gaussian beam also has plane wave componehta wiore oblique incidence, for which the
transmittance is lower (Fig.7.4).

7.1.3.2 Onelayer AR coating
Theoretical values for single layer coating carcéleulated as [55],[56]-

Nag =27 = 164

physical thickness = 1 E—I/]—

Nar
So, layer thickness is 236.25 nm.

According to the Snell’s law-

Ngi [SIN(Fg ) = Npg [SINER) = Ny [SINE,;)

Critical angle whemy = 90° orbar = 90° is-

| ny [ n
Bor it = Mingsin 1(¢J ,sin 1[ﬂ]
US] Nsol

= sin‘{ﬂj =21.74
Ngp)

In this case the phase change will be differenfTt®r& TM polarization.
Due to the fact that there is a phase change,itfegesht plane wave components of the Gaussian
beam will interfere with each other. This will caus lower transmission as we see in Fig. 7.8.
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Figure 7.7: Output field amplitude (Mean)
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Figure 7.8: Transmission for all polarisations dosingle layer coating: magnitude (solid lines)
and phase (dashed lines). TM: red, TE: blue, Mgegen
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Mean transmission shows stronger interference ésngTM also shows slightly stronger
interference than TE.

TM-transmission is slightly higher than TE-transsns: smaller phase shift for TM than for TE
(Fig.7.8) results less interference of the planeesa

Global transmission is-

TM Polarized Light = 93.0245 %
TE Polarized Light = 92.2584%
Mean = 92.6414%

The transmission is much lower than expected, tscafithe interference effects.

7.1.3.3 Optimized one layer AR coating
Optimization of the coating was done by changing thickness of the layer to increase the

transmission. We set the targets to a wavelengtb60 nm, and 100% transmission between 0°
and different angles. We obtained the best resait@&n angle range of 0°-15°. The optimized
physical thickness is 246.97 nm.

Global transmission is-

TM Polarized Light = 93.0440 %
TE Polarized Light = 92.6245%
Mean = 92.8342%

The transmission is slightly higher comparing vitie case of no optimization.

7.1.3.4 Multi layer AR coating

Optimization for higher transmission with multipl@yers is considered here. The layers were
maximum 5; this will limit calculation time and a&so more realistic: adding more layers will
complicate the fabrication.

When we use the above targets, the simulator geseazone-layer coating identical to the one we
used in the previous section. Using different teagied not help us to find a better solution, oa th
contrary: some of the multi-layer coatings we adajave a lower transmission than the one layer
coating.
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So, if we use the antireflection coating to maxienike transmission; we get on an average 19%
more transmission than if we use no antireflectioating. The main concern goes to polarization,
when there is no AR coating the difference betwEghpolarized light transmission (79.6163%)
and the TE polarized light transmission (67.38394)igh.

But when we use AR coating the light transmissidfeience between the TM (93.0245 %) & TE
(92.2584%) polarized light become smaller. So byn@isAR coating we can reduce the
polarization effect of lights. Though AR coatingluees the polarization effect but TM polarized
light transmission is always higher than the TEapakd light. This type of investigation can also
be conducted for Silica on Silicon (SOS) and othaterial system to find out the optimized way
to use AR coatings regarding polarization and maxmtransmission of light.

7.2 Effect of ARC for SOS Material System

Reflection is the optical phenomenon, which is bouh of a transition in the medium in which
light is travelling. Any optical medium is characied by the parameter which is known as
refractive index (n) and quantifies the speed gtitlin the current medium with respect to that in
vacuum. Normally a fraction of incident light refted from the interface of an optical medium is
measured by reflectance, and the rest transmitefch€ted) is measured by transmittance. The
mathematical model to calculate the refractive xndéthe thin film is the same as mentioned
earlier [55], [56]-

Nar =+4/MN2

physical thickness= 1 [—l/]—
4 nag

where, nr is the refractive index of the thin filmy & n, are the refractive index of the related
two medium and is the wavelength of the light.

The first material system applied for fabricatingmumercial photonic integrated circuits for
telecom applications on silicon was silica. Thatkghe very low loss of straight waveguides
(0.03dB/cm) at a wavelength b 1550 nm. The downside of this material systeméwew is the
low refractive index contrast of this material whigmplies huge bends and therefore huge
components.
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Figure 7.9: Cross-section of a waveguide fabricategdlica on silicon.

To fabricate a waveguide in silica on silicon (Fig), is done by heavily doping of a Si@yer
with germanium is required. This results a refraetindex difference of about 0.75% with the
undoped Si@ A waveguide is defined in the doped Sifrough an etching process, and
afterwards an undoped Si@ladding layer is deposited. Anti reflection cogs (ARC) are
designed for different purposes [57], but here wasaered the analysis in general to get a
general characteristic of the ARC in case of SO&na system.

Here we analyzed the transmission of the guidedemaidthe waveguide structure through the
interface between the photonic integrated circod @s surrounding medium (air). We want to

maximize the transmission, to achieve this we usmgle-layer coating, which we then optimize

and finally we design a multi-layer coating witrethid of the CAD tool Essential Macleod. We

analyzed the transmission for Silica on Silicon §@aterial system in the similar manner as we
did for SOI material system. The transmittance lmaimcreased using the ARC [62].

7.2.1. Simulation

By using the CAD software we can calculate the gmaission of plane wave incident at an

arbitrary angle. But the guided modes of the waidsgstructures are approximated by Gaussian
beam. The properties of this Gaussian beam aren givdable 7.2. We solved this problem by

decomposing the Gaussian beam into its plane wawepaenents using the spatial Fourier

transform, calculating the transmission for eachtlidse components. Afterwards using the
inverse Fourier transform we obtain the transmitbiedm.

Table 7.2 Dimensions of the Gaussian field prdbieSOS.

Material Ao Oy Oy n
System [um] | [um] | [um] | (Nes)
Silica on

Silicon (SOS) 1.55| 3.63| 3.63 1.45p
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In Essential Macleod we calculate the transmissimaugh a layer stack, which is built up of a

semi-infinite substrate layer (in this case the &gude), a number of thin films and another

semi-infinite medium (in this case air). The thieks of each layer can be set by a physical
thickness and by an optical thickness. The optluakness is equal to the number of wavelengths
the layer contains:

Optical thickness = (Physical thickness)/(4/n)

7.2.3. Findings & Analysis
7.2.3.1. Without Coating

We consider the transmission of light for the SO&amal system without any AR coating. This
transmission was conducted to consider it as tfezearce. The input field amplitude is shown in
Fig. 7.11. This input field was used throughout Wigole simulation, so that we can compare
among all the results easily and effectively.

* Transmmttance (%) # Transmittance Phase (deg)
100 € 1

70

Andsssamsnm st

Incident Angle (deg)

Figure 7.10: Transmission for all polarisations wiigere is no coating: magnitude (solid lines) and
phase (dashed lines). TM: Red, TE: Blue, Mean: Gree
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Figure 7.11: Input field amplitude.

In case of without coating critical angle is 43.42Angle consideration of ARC for the telecom
wavelength can be found in [63]. It is clear frome t=ig. 7.10 that there is no transmission aboge th
critical angle. We also noticed, there is 100%4naission for TM-polarisation at Brewster angle [64]
ie.-

Brewster angle = tan™ _L )= 34500
1455

It is observed that the calculated and the simdIBrewster angle is the same. Next we considered th
transmission for incident angle = 0° (perpendiculardence):

neff
ng +1
T=1-R=1-r2=97%

So the transmission for perpendicular incidenc®/k and this also matched with the simulated result
as shown in Fig.7.10. Phase is zero everywheredrigure. There is no coating so no phase shift fo
transmission through an interface as a result texference occurred. Because of the Brewster angle
the TE-transmission is slightly lower than TM-tramssion but has similar amplitude profile. No
interference fringes around the edges of the Gandstam were observed because the beam width is
large compared to the wavelength.

r= = 019

Global transmission was calculated using the Taldeparameters and MATLAB simulator.
Global transmission:
TM Polarized Light = 96.5871 %

TE Polarized Light = 96.5428%
Mean = 96.5650%
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As expected, the mean value is slightly lower tti@value for perpendicular incidence because the
Gaussian beam also has plane wave components withieaoblique incidence (referring to Fig.7.10).

7.2.3.2. Single Layer Coating

Theoretical values for coating:

Ny =/1.455=1.206
physical thickness = 1 IZ-IA—
4 N,

We considered a material with n close to this vaN@AIFg n’ =1.35;n" =0

Results from the simulation are as follows-
« Critical angle wher,;; = 90° 0rbar = 90°:

. | n, (n | n.
Osps.eir =MIN arcsv{ ar ] arcsv{ﬂJ =arcsw{ ar ]= 4342°
Nsos Nsos Ngos

« Phase change is different for TE & TM polarization.

The phase change is observed due to the interier@inthe different plane wave components of the
Gaussian beam. This will cause a lower transmission

« TM-transmission is slightly higher than TE-transsnié because of smaller phase shift for TM than
for TE (referring to Fig.7.13). i.e. less interfece of the plane waves.

« Global transmission:
TM Polarized Light = 98.7524 %

TE Polarized Light = 98.7329%
Mean = 98.7427%

These transmission values are better than thefonagdicon on insulator (SOI) material system [59]
This is because the beam width of the Gaussian lieagfatively larger compared to the wavelength,
so the plane wave decomposition will be less spoe&dThe critical angle is also much larger than f
SOl, so less plane wave components will be comlglétst. Single layer reflectance can be calculated
using [60]. The result is shown in Fig.7.13 and can be compandid the reflectance in [61], [65]
which are similar.
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7.2.3.3. Optimized Single Layer Coating

We optimized the transmission of the coating byngirag the thickness of the layer usiSgnplex.
The optimization leads to a thickness very closthéotheoretical value, and there is no differeimce
the transmission values of the Gaussian beam.
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Figure 7.12: Output field amplitude (mean)
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Figure 7.13: Transmission for all polarisationsdat layer coating: magnitude (solid lines) andsgha
(dashed lines). TM: Red, TE: Blue, Mean: Green.
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Figure 7.14: Output field amplitude (mean).

Table 7.3: Multilayer coating design for SOS

- Refractiv Extinction tical Physical
Layer | Material anggx ) Coeffi(z:ign' Tﬁigkﬁgss Thicknyesscsa(nrr
Medium SOS 1.45500 0.00000 - -
1 NaAlFg 1.35000 0.00000 0.23865533 274.01
2 Mgk 1.37600 0.00000 0.04876160 54.93
3 Al,O5 1.64974 0.00000 0.08543824 80.27
4 Mgk 1.37600 0.00000 0.11674291 131.51
5 NaAlFs 1.35000 0.00000 0.23325150 267.81
Substrate Air 1.00000 0.00000 - -
- - - 0.00000 0.72284954 808.52

Incident Angle: 8 Reference Wavelength: 1550 nm

7.2.3.4. Multilayer Coating

Next we optimize the transmission with multipleday (maximum 5) usin@ptimac. We did
not use metals in the coating because metal abfuelfeeld, nor do we use water because it
is impossible to fabricate a liquid coating.

We set the targets to a wavelength of 1550 nm,1&@%6 transmission for 0°-10°. Design
details are given in Table 7.3.

There is almost no reflection of the Gaussian bedmn we use this coating. The wave
characteristics in multilayered structure can bayaed using [54].

Global transmission:
TM Polarized Light = 99.9952 %

TE Polarized Light = 99.9947%
Mean = 99.9949%
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Results in general are better for SOS becauseeth&ctive index contrast is lower than for

SOI. We expected a better performance of the ray#il coating compared to the single layer
coating. For SOS this is true, for SOl however, ¢cpmized single layer coating gave the

best result. The mean transmission 2.1777% art98% are increased by using single layer
and multilayer coating respectively using SOS nialteystem comparing with the reference
(without coating).

From the above discussion and simulation resultcare say that it will be helpful for the
sensor if we can make the cladding layer by usomgesARC materials as shown in Fig. 7.15.
The ARC materials need to be a dielectric (as examgF,) and must have the refractive
index less than the core medium of the fiber. lisipossible to use the ARC materials as
cladding the transmission of the cladding mode uphothe cladding will be maximum
because of less reflections. As a result maximuwmddthg mode will appears at the metal-
dielectric interface and it will excite maximum fage plasmon waves. So the SPR will be
higher and the efficiency of the sensor will beregased. As the TM polarized wave has the
maximum transmission through ARC materials so itl \iso helpful for this sensor
application because at SP wave only TM mode exiBist further study requires regarding
the use of ARC materials as a cladding. For thmgilangle we can consider the result of
[66]. The tilting angle need to be used within G:1Dthe tilting angle exceeds 4fhen there
will be a huge polarization effect.

Gold Thin Layer

#

Cladding- Made of Anti Reflection Coating Materials

— HHIHT —=>"Tll = core

Tilted FBG with Different Periods

Figure 7.15: Proposed MW sensor using TCFBG coree@tARC materials as cladding.
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CHAPTER VIII

Conclusion & FutureWorks

A new type of MW sensor is proposed. Microwave (M\Atection based on surface
plasmon resonance fiber optic sensors is anal\@B& can be obtained by using the TFBG
or other configurations (like hetero core fiberleTSPR wave is dependent on various factors
like the thickness of the metal layer, polarizatd@pendence etc. MW can penetrate few nm
in the metal so the metal film layer needs to befadly designed. The detection of the MW
is only possible by the SPR based fiber optic semgen the SPR will be affected by the
impinging MW on the metal surface through heatimghie metal. The range of MW that can
be detected in this way depends on the metal filyed thickness and the type of metal used
for the generation of SPR. In this work the MW dé&tsn scheme is described using SPR
based sensor, considering the SPR generation,izailan, Bragg wavelength shift, metal
film thickness, corresponding temperature effectthermo-optic effect and the use of ARC
materials as a cladding. But the power or energh@®MW frequency, amplitude of the MW
frequencies, the different band of MW frequencied the realization of ARC materials as
cladding & realization of bended waveguide confagion with thin gold layer for SPR
generation are not considered here. ARC matemalsladding need to be transparent also.
There could be an effect of high power/energy M\@giérency and low power/energy MW
frequency on sensing. More analysis needs to be danthis area. The main limitation of
this scheme to sense MW will be the cost of thenelgs those are necessary to build the
sensor. On the other hand the main advantage ®fptbposed sensor is that it will be very
small in size so that it can be integrated witteotinicro-electronic devices very easily.
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