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Wireless sensor networks (WSNs) have been widely used in various applications to
acquire distributed information through cooperative efforts of sensor nodes. Most of the
sensor nodes used in WSNs are based on mechanical or electrical sensing mechanisms,
which are susceptible to electromagnetic interference (EMI) and can hardly be used in
harsh environments. Although these disadvantages of conventional sensor nodes can be
overcome by employing optical sensing methods, traditional optical systems are usually
bulky and expensive, which can hardly be implemented in WSNs. Recently, the emerging

technologies of silicon photonics and photonic crystal promise a solution of integrating a



complete optical system through a complementary metal-oxide-semiconductor (CMOS)

process. However, such an integration still remains a challenge.

The overall objective of this dissertation work is to develop a smart multifunctional
optical system-on-a-chip (SOC) sensor platform capable of both phase modulation and
wavelength tuningfor heterogeneous sensing, and implement this platform in a sensor
node to achieve an optical WSN for various applications, including those in harsh
environments. The contributions of this dissertation work are summarized as follows. i)A
smart multifunctional optical SOC sensor platform for heterogeneous sensing has
beendeveloped for the first time. This platform can be used to perform phase
modulation and demodulation in a low coherence interferometric configuration or
wavelength tuning in a spectrum sensing configuration. The multifunctional optical sensor
platform is developed through hybrid integration of a light source, an optical modulator,
and multiple photodetectors. As the key component of the SOC platform, two types of
modulators, namely, the opto-mechanical and electro-optical modulators, are investigated.
For the first time, interrogating different types of heterogeneous sensors, including
various Fabry-Perot (FP) sensors and fiber Bragg grating (FBG) sensors, with a single
SOC sensor platform, is demonstrated. iij)Enhanced understanding of the principles of
the multifunctional optical platform withanopto-mechanical modulator has been
achieved.As a representative of opto-mechanical modulators, a microelectromechanical
systems (MEMS) based FP tunable filter is thoroughly investigated through mechanical
and optical modeling. The FP tunable filter is studied for both phase modulation and

wavelength tuning, and design guidelines are developed based on the modeling and



parametric studies. It is found that the MEMS tunable filter can achieve a large
modulation depth, but it suffers from a trade-off between modulation depth and speed. iii)
A novel silicon electro-optical modulator based on microring structures for optical
phase modulation and wavelength tuning has been designed. To overcome the
limitations of the opto-mechanical modulators including low modulation speed and
mechanical instability, a CMOS compatible high speed electro-optical silicon modulator
is designed, which combines microring and photonic crystal structures for phase
modulation in interferometric sensors and makes use of two cascaded microrings for
wavelength tuning in sensors that require spectrum domain signal processing. iv)A novel
optical SOC WSN node has been developed. The optical SOC sensor platform and the
associated electric circuit are integrated with a conventional WSN module to achieve an
optical WSN node, enabling optical WSNs for various applications. v) A novel cross-
axial dual-cavity FP sensor has been developed for simultaneous pressure and
temperature sensing.Across-axial sensor is useful in measuring static pressures without
picking up dynamic pressures in the presence of surface flows. The dual-cavity sensing
structure is used for both temperature and pressure measurements without the need for
another temperature sensor for temperature drift compensation. This sensor can be used
in moderate to high temperature environments, which demonstrates the potential of using

the optical WSN sensor node in a harsh environment.
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Chapter 1 Introduction and Background

1.1  Problem of interest

A wireless sensor network (WSN) consists of spatially distributed sensor nodes to
monitor physical or environmental conditions, acquiring information like temperature,
pressure, acceleration, vibration, and chemical species [1]. Owing to their autonomous
nature, WSNs have received much attention in various applications, such as habitat
surveillance [2], healthcare monitoring [3], home automation [4], civil structure health
monitoring [5], and traffic control [6]. The sensor nodes in WSNSs, typically determine
the application territories and have significant impact on the operating mechanisms of
WSNs. To date, most conventional WSN nodes, particularly those used in
commercialized products, rely on electrical or mechanical sensing principles [7-9].
However, the electrical or mechanical sensors used in these WSN nodes are susceptible
to electromagnetic interference (EMI) and can hardly be operated in harsh environments.
In addition, the more the number of sensors to be implemented on a WSN node, the more
the corresponding electric control circuits that will need to be added to support their
functionalities, which results in high power consumption and increased system

complexity.

Compared with their counterparts, optical measurement methods have been proven to
have the advantages of having immunity to EMI, having large bandwidth and high
sensitivity, having better performance in harsh environments [10,11], and being

multiplexible. There have been some research efforts to explore the implementation of



anoptical system in WSNs. For example, a smart optical fiber sensor node that can be
used to interrogate fiber Bragg grating (FBG) sensors has been developed for structural
health monitoring [12], which demonstrates the potential application of fiber optic
sensors in WSNSs. In an earlier work, integration of an optical sensing system into WSN
applications has been attempted for laser based gas detection [13]. Instead of using
optical systems for sensing, optical wireless communication has also been explored [14].
However, all of abovementioned work makes use of conventional optical components,
which are bulky and expensive [15]. Therefore, these systems can hardly be integrated
into a much compact sensor node for WSNs, especially, for applications where resources

are limited and space is constrained.

Recently, microelectromechanical systems (MEMS) technology has demonstrated its
superior capability in downscaling and integrating complicated systems [16], which has
made it possible to scale down and integrate all the necessary components of a
conventional WSN sensor node into a small footprint. However, integration of an entire
optical sensing system still remains a challenge. The recent progress on silicon photonics
has shed some light on optical integrations, in which different kinds of integration
methods have been explored. For example, complementary metal-oxide-semiconductor
(CMOS) circuit integrated with a photonic layer has been demonstrated in CMOS
photonic transceivers [17]. In another work, a 50 Gbps data transmission link has been
initiated by Intel Inc., which has employed hybrid integration of several silicon photonic
components including silicon lasers [18], GHz level silicon modulators [19], silicon

waveguides, and GHz level avalanche photodetectors [20]. In addition, coupling of



multichannel silicon photonic waveguides with optical fibers has also been studied [21].
Even with the abovementioned development, integration of a CMOS circuit with a
complete functional photonic layer has still not yet been achieved. It is also noted that
most of the silicon photonics research only focused on high speed optical communication

systems instead of sensing systems which have different requirements.

This dissertation work is aimed at achieving an enhanced understanding of the
mechanisms of various optical sensing systems and apply such an understanding to
design and develop a smart multifunctional optical system-on-a-chip (SOC) sensor
platform, capable of performing combined optical phase modulation and wavelength
tuning. This platform can be used to interrogate heterogeneous optical sensorsand
integrated with a conventional WSN module to serve as an optical sensor node in WSNs,

enabling optical WSNs for various applications, including sensing in harsh environments.

1.2 Literature review

1.2.1 Low coherence fiber-optic interferometry (LCFOI)

Low coherence fiber-optic interferometry (LCFOI) has attracted much interest in the past
decades and has become a promising technique for a wide variety of applications of
remote measurement of parameters, such as displacement, pressure, temperature, strain,
and refractive index. Compared with conventional intensity based fiber optic systems,
one of the advantages of LCFOI is that the measurement is virtually insensitive to optical

power fluctuation, introduced by the light source and the light waveguide. Therefore, not



only will it be able to offer a much higher range of resolution, but also reduce the

requirements on the light source and light waveguide.

1.2.1.1 Principle of LCFOI

Low coherence interferometry is well described in classical optics [22]. The most
commonly used LCFOI configuration based on two interferometers is shown in Figure
1.1. Light from a broadband source is launched into a fiber coupler. The output optical
signal from the first interferometer, termed the sensing interferometer, is coupled back
into the second interferometer, termed the reference interferometer. The optical path
difference (OPD) of each interferometer (Ls for the sensor interferometer and L, for the
reference interferometer) is arranged to be larger than the coherence length (L;) of the
light source, so that the interferometric fringes cannot be observed at either
interferometer when illuminated individually. Therefore, the light returned from the
sensor interferometer cavity is temporally incoherent. But after going through the
reference interferometer, the interference occurs at the output of the reference
interferometer, which will be the function of difference between the OPDs of the two

interferometers.

Light Source  2x2 Fiber Coupler ~ Sensor Interferometer

{:} h—_{ —

L

—— ¢

Reference Interferometer Photodetector

Figure 1.1: Schematic of a LCFOI system.



To obtain the transfer function of the LCFOI system, it is noted that the electric field at

the output of the reference interferometer is expressed by [23]

1.1
E=E,+E,+E, +E,,, ( )

where

E. = A, exp(j(¢))

E, = A, exp(j(g+KkL)) (1.2)
En = Ay exp(j(g+kL)) '

Ex = Ay exp(j(¢+kL +KL))

The output optical intensity | can be obtained by taking the ensemble average of the
product of the overall output electric field E and its complex conjugate, which can be

written as

. 1.3
| :<(E11+E12 +Epn +Ep)(Ey +E, +Ey +Ey) > (13
This leads to the following expression
| =1L+ 1|y (L)[cos(kLy) + [ (L, )| cos(kL,) (1.4)

+ |3|7(Ls + Lr)|COS[k(Lr + Ls)]+ |4|7/(Ls - Lr)|COS[k(LS - Lr)]}’
wherelp is the total optical power arriving at the photodetector, I; (i=1, ...4) is the
normalized amplitude of each term and |;/(x)| is the absolute value of the normalized

source autocorrelation function. When L;, L&>>L, and Ls-L,<L., which is the necessary
condition for a LCFOI system, the 2", 3" and 4™ terms in Eq. (1.4) equal zero. Therefore,

the interferogram obtained at the photodetector is given by



| = 1qL 1 (L, — L) cosik(L, L )T} (L5)

When the split ratios are equal to 50:50, a maximum visibility of LCFOI is obtained and
Eq. (1.5) can be rewritten as

| = .0{1+%eXp[_M%y]cos[k(Ls ~L)I (16)

It should be pointed out that one of the major advantages of LCFOI over conventional
fiber optic interferometry (CFOI) illuminated by a highly coherent single mode laser
diode is that the effects of wavelength instabilities are greatly reduced as the sensing
cavity length can be very small. The difference in the source wavelength instability

induced error for LCFOI and CFOI can be obtained as

5/1LCF0| — L -L
Ao L

. (L7)

S

In the CFOI system, L is in the order of 10 mm in practice, while for the LCFOI system,
(Ls-Ly) can be as small as a few microns or less, which will be much smaller than L,
which for most low coherence sources is less than 100 um. Therefore, the requirement for

stabilization of the source wavelength is much less critical for the LCFOI system.

In addition to significantly reducing phase noise associated with wavelength instability of
the light source, the LCFOI method also permits the use of much shorter sensing cavity
lengths, which will enable a high spatial resolution for the sensor. Another advantage in

the use of very short optical cavities is that the temperature cross sensitivity of the sensor



is greatly reduced, which is especially important for high accuracy, low frequency

measurements.

1.2.1.2 Signal Processing Techniques

Direct modulation and demodulation are difficult to be applied when Fabry-Perot (FP)
sensor cavities are less than a centimeter in length due to insufficient depths of
modulation. However, in an LCFOI system, appropriate sensor modulation and

demodulation schemescan be easily implemented.

Phase modulation is the most popular form of modulation, which can be accomplished by
employing electromechanical modulators, electro-optical modulators, or frequency
modulation of the light source itself. Both continuous and discrete phase shifts can be

produced.

In an interferometer, the phase between any two beams is given by

2mL  2mv (1.8)
¢ = T = s
C

where nL is the OPD, n is the refractive index of the medium, L is the cavity length, 1 is
the free space central wavelength of the light, v is the free space central frequency of the
light, and c is the free space speed of the light. Thus a change in the phase can be written

as

sp=27(2 o+ Eon+ sy (1.9)
A A c



wheredL is a small change of the cavity length, on is a small variation of the refractive
index, and Jv is a small variation of the light wave frequency. This indicates that phase
modulation can be accomplished by changing the cavity length, refractive index, or laser
frequency modulation, which can be implemented according to specific optical system

requirement.

Several typical modulation-demodulation methods will be reviewed next.

Temporal Phase-Measurement Interferometry (TPMI). A general expression for

light intensity due to the interference can be written as [24]

1.10
(%, y) = a(x, y) +b(x, y)COSg(x, y). (1.10)

wherea(x,y) is the mean intensity, V=a(x,y)/b(x,y) is defined as the visibility, and gis the
phase difference between the interfering waves. To recover the phase, the starting point
for the TPMI method is to introduce an additional phase term «, which is the modulated

phase. The intensity then becomes

I =a+bcos(g+a), (1.11)

which contains three unknowns, a, b, «, requiring a minimum of three intensity
measurements to determine the phase. The phase shift between adjacent measurements
can be anything between 0 and n degrees. With arbitrary phase shifts a1, o, and as, one

can obatin



I, =a+bcos(p+a,)

l,=a+bcos(g+«,), (112)
I, =a+bcos(@+ ;)
from which the phase can be calculated as
L (I, =1)cose, (I, —1;)cosex,, + (1, —1,)cos e, (1.13)

¢ =tan

(I, = 1)sine, — (I, = 1,)sina,, + (1, - 1,)sine,

Making use of three intensity measurements, one can resolve the phase information.
However, this often gives numerically unstable solutions, and thus, it is often better to
determine the phase from more measurements points. In general, with i-stepped phase

measurements, the resulting intensity can be rewritten as [25]

I, =a+bcos(¢p+e;)=a,+a cose, +a,sing, , (1.14)
wherea, =a=1,,a =bcosg, and a, =-bsing.
ForN phase steps (i=1, 2,...,N), Eq. (1.14) can be written in matrix form as
I 1 cosa, sing a
I, | |1 cosa, sina,| ' (1.15)
=. : : a |
: : E a,
Iy 1 cosa, sinay
The coefficients ag, a;, and a, can then be found by using the least square solution
o 1.16
al — Ale , ( ' )
aZ

where



N > cosq, D sing, >

A=| > cose; Y. cos’e; . cosgsing; |and B=| ) I cose;

Dsing; Y cosasing; Y sin‘q > Ising,

The phase difference dis in the form of

b=tn(C%). (1.17)
8

Based on this i step method, three-frame technique, four-frame technique, five-frame

technique, and Carrétechnique have been developed [24].

Since the arctangent function is multi-valued, the solution of gfrom Eq. (1.17) will have
ambiguity, which is easily resolved with the use of simple processing algorithms [26-28],

which is also called the phase unwrapping technique.

Another problem with this method is that arctangent function can only render relative
phase values, which makes it only useful for dynamic measurement. Since the absolute
phase value is much more desirable in a real test, some modifications of this method are

made to address this issue.

Kim proposed a high resolution absolute temperature measurement system [29], shown
in Figure 1.2, adding another absolute value reference to address this issue. The Mach-
Zehnder interferometer (MZI) is used as the reference interferometer in the LCFOI
configuration, which can be modulated by using piezoelectric transducer tubes. A fiber
Fabry-Perot interferometer (FFPI) in the LCFOI is used as the sensing interferometer for

the temperature measurement, while the reference EFPI with a fixed temperature is used
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as an absolute temperature reference, which can be compared to determine the absolute
temperature of sensing FFPI. The FFPI temperature sensoris composed of two TiO, thin
film internal mirrors thatform a cavity of ~10 mm length. The MZI has a large phase
modulation depth to cover the temperature sensing range, resulting in two fringe
envelopes for the sensing FFPI and the reference FFPI, respectively. The phase difference
due to the OPD of the sensingFFPI and the reference FFPI is obtained by calculating the
position of the zero™ order fringe peak in the cross-correlationfringe of the sensing FFPI

and the reference FFPI.

Photodetector

PD1

Sensing FFPI

VS_{ W
/\/\ PD2 ﬂ_l_}

Reference FFPI

time

h 4
Data acquisition
and

signal processing
in PC

Figure 1.2: High resolution absolute temperature measurement system [29].
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The TPMI demodulation method can be easily controlled and applied, however, this
method can only be used for quasi-static measurement and the accuracy is compromised

by the error of the temporal phases introduced.

Dual-Wavelength Pseudo-Heterodyne (DWPH) Processing Method [30]. This
scheme combines the pseudo-heterodyne approach with the classical dual-wavelength
photothermal (DWP) technique. The tracking element in the reference interferometer
only moves by half an optical wavelength and the change of the OPD in the sensing
interferometer is determined by using the optical phase changes of the scanned

interferometric pattern. A diagram of this scheme is shown in Figure 1.3.
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Figure 1.3:Schematic of dual-wavelength pseudo-heterodyne processing method [30].

By using two amplitude-modulated light sources at different frequencies and with slightly

different central wavelengths (1; and 1,), two sets of interference fringes can be obtained

at the outputs of two corresponding amplitude demodulators used to separate the signals

from the two sources, which are given by

LS

5, = P-4 Tooslat + (L, ~L)]

G
Ls

s, - exp[—4(L;Lr)2]cos[a)t +i—”(LS L]

C2

2

13

(1.18)



wherew is the frequency of the saw-tooth waveform used in the phase modulator of the
reference interferometer, and L, and L, are the coherence lengths of the two sources. By

bandpass filtering these two signals and then comparing them with the band pass filtered
saw-tooth waveform at « with a phase meter, the value of the phase associated with each

wavelength can be obtained as

_2T
¢1_ Zl (Ls Lr) (119)

27 '
=22 (L, -L
¢2 /12( S r)

The absolute value of (Ls-L,) can be determined by using either 4; or A,. However, for (Ls-
L)> A1 or Ay, the fringe count is ambiguous when the sensor is initialized. The differential

phase Ag = ¢, — ¢, can be used to overcome this problem as (Ls-L,) is also a function of

A¢, which isgiven by

|Ag| (1.20)

L.—-L =4
2

P
ﬂi_iz

where is termed as the effective wavelength. Because
(4, —A4,) << A and (4, —4,) << 4, , one can obtain that 4, >> A, and A, >> 4, .

Another simplified derivative system of this method is presented by [31], as shown in
Figure 1.4. With only one broad band light source and two FBGs, two difference

wavelengths 4, and Z,can be obtained and thus
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Arx A (1.21)
A=~ =T -2 —an,
p=d—-9¢ 7 ) (/M2 ).

These signals will be in quadrature when the wavelength separation between the resonant

2
wavelengths is an odd multiple of 8% and A¢g will become odd multiples of @/2, where

S

the approximation A, = A, = Ais considered. This approximation is valid with less than 1%
of error for cavity lengths longer than 20 um. For a given cavity length, it is always
possible to find two resonant wavelengths that satisfy the above condition. After
detection, the interferometric signals related to these two wavelengths are converted into

the outputs, 1; and I,which are given by the following expressions:

I, =15, (1+ K, cOs¢4) (1.22)
I, =1L+ &, C0564,) = 1,,[1+ 1, cos( + Ap)] = 1,,(1+ x, Sin @) ’

where 11, and I, are constant voltage values associated with the system operating
conditions and «;, are the fringe visibilities for each wavelength. After setting xilio =

K2l20, the interferometric phase can be demodulated as the following:

¢ _tan—l( 2 20) (123)

Il Ilo
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Figure 1.4:Schematic of passive interrogation of low-finesse Fabry—Pé&ot cavities using fiber
Bragg gratings [31].

The disadvantage of this DWPH technique is that the low pass filters cannot effectively
suppress the higher harmonics that come from the modulation signal. In addition, the

modulation depth A¢ must be precisely set to odd multiples of m/2, adding more

complexity and inaccuracy to the system.

Electronically Scanned Low Coherence Interferometry (ESLCI) [32,33]. With
electronically scanned low coherence interferometry, one avoids the use of mechanical or
piezoelectric scanning devices, resulting in a more compact and robust system. The

schematic of ESLCI is shown inFigure 1.5.
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Figure 1.5:Schematic of electronically scanned fiber optic low coherence interferometry [32,33].

Compared with the system shown Figure 1.1, the reference interferometer is modified by
tilting one of the mirrors and using a photodetector array rather than a single
photodetector for signal detection. The average OPD of the reference interferometer is
adjusted to match the initial OPD of the sensing interferometer. Expanded light beams
from the tilted mirror and the un-tilted mirror are overlapped, and hence, interference
occurs. Because of the tilted mirror, a particular OPD in the reference interferometer will
always match the OPD in the sensing interferometer within its working range. As the
photodetector array, such as a charge-coupled device (CCD) is normally scanned at a
frequency of tens of MHz, the position change of the central fringe can be detected at a
high frequency, making high frequency measurement possible. Several conventional

interferometers, such as Michelson and Fizeau interferometers, have been modified as
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shown in Figure 1.5. However, the ESLCI has a reduced operating range and much
higher noise, caused by the photodetector array, than the mechanically scanned reference
interferometer. The intensity distribution Iy along the y direction of the detector array is

given by

*[E(LstrJrZ 0P
|y = |0(y)<(1+%e L y Jcosk(L, — L +2y9)>, (1.24)

wherelp(y) is the mean beam intensity profile along the detector array which is mainly
determined by the spatial coherence of the source, and @ is the angle of the tilted mirror.

This creates a spatial cosine waveform with a fringe pitch b given by

b=1/260=Na, (1.25)

whereN is the sampling resolution that is the number of sensing elements per fringe, and
a is the pitch of the sensing elements of the detector array. The measurement resolution is

expressed as

(L, —L), =1/N =2a6. (1.26)

The operating range R of the reference interferometer, determined by the total length of

the detector array L and tilt angle 9, is given by
1.27
R=2L6. (1:27)

Therefore, the range to resolution can be expressed as
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(1.28)

R Low
a

(Ls - I—r)min B

It can be seen that the range to resolution is determined by the ratio of the total length and

the pitch of the photodetector array, which is the total number of sensing elements M.

One of the disadvantages for the ESLCI technique is that a very large photodetector array
is needed, and it is more difficult to identify the central fringe than in other signal

processing methods due to relatively high noise of the detector array.

1.2.1.3 Fabry-Perot (FP) Sensor Systems Based on LCFOI for Various Applications

Since the first displacement sensor system based on the LCFOI technique was reported in
1984 [34], a range of LCFOI-based sensors have been demonstrated for measurements of
pressure [35], temperature [36,37], and strain [38,39]. Various multiplexing techniques

has been applied to LCFOI to make sensor systems more cost effective [40].

For many applications, compared with Michelson or Mach—Zehndertype interferometers,
small sensor heads consisting of a fiber optic based FP interferometer with a short optical
cavity are especially attractive, which have the advantage of being simple, compact, and

low cost, and have small cross sensitivity to temperature and high resolution.

1.2.2 Fiber Bragg grating (FBG) interrogation methods

Among various kinds of optical sensors, FBG sensors are good candidates for distributed
monitoring of various parameters due to their excellent multiplexibility. A FBG sensor
consists of an optical fiber with a periodic perturbation of the refractive index at the core

of the fiber. For a well-written FBG, the Bragg wavelength shifts with respect to various
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disturbances, such as strain and temperature. From the earliest stage of their development,
FBGs have been considered as excellent sensor elements, suitable for both static and
dynamic measurements. Their remarkable multiplexing capabilityrenders them an

attractive choice in high-density sensor networks.

To date, FBG sensors have been used in a variety of industrial applications, including
structural health monitoring [41-44], where WSNs have recently received a lot of
attention. In order to retrieve the information of Bragg wavelength shift from FBG

sensors, different optical systems for Bragg grating demodulation have been studied.

A conventional method of using a tunable laser along with an optical spectrum analyzer
(OSA) to retrieve the Bragg wavelength location can hardly be used in a compact system
due to the bulkiness, high cost, and complexity of this optical system. In another type of
system, a diffraction grating is used to de-multiplex the optical signal from different
FBGs into narrow wavelength bands that can be measured by using a photodetector
array [45,46]. With this system, high-speed interrogation can be realized since optical
signal in multiple wavelength bands can be acquired simultaneously. However, it is
difficult to obtain a compact system due to the bulk of the photodetector array, and the
wavelength bandwidth is limited. Another system consisting of superluminescent
diode (SLED), a tunable FP filter, and a photodetector has also been explored, which
enablesa simple system of high speed and low power consumption. With this system as a
basis, there have been a few attempts to developcompact, smart optical sensor devices for

interrogating Bragg grating sensors [12,47].
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For a system consisting of a SLED, a tunable FP filter, and a photodetector, different

FBG demodulation schemes have been studied.

In one approach [48,49], the linear part of the tunable FPfilter spectral response was
utilized, which renders a high frequency measurement of FBG sensors with greatly
increased the measurement speed. However, the wavelength range that can be used was

very limited and multiplexing cannot be realized, as shown in Figure 1.6.

In another approach, a tunable FP interferometer was used to sweep the optical signal in
the wavelength domain, but the signal was measured in time domain [12,47,50]. This
method requires only a single photodetector along with a high finesse filter and it allows

for interrogating multiplexed FBG sensors with a large wavelength range.
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Figure 1.6: Schematic of a high frequency FBG interrogation system [49].
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However, these devices are built by integrating conventional optical components, which
are still large and bulky, making it difficult to integrate these devices into the sensor
nodes of WSNs.Therefore, optical WSN that can accommodate high performance fiber

optic sensors, such as FBG sensors, although much needed, still remains a challenge.

1.2.3 Silicon modulator

A silicon optical modulator is a device that is used to modulate the light beam
propagation in a silicon waveguide, in which the beam parameters are altered for
amplitude, phase, or polarization modulations. Applying an electric field to a material
may change its real and imaginary refractive indices. The primary electric field effects
that are traditionally used in the semiconductor for changing the electro-absorption (a
change in the imaginary part of the refractive index) or electro-refraction (a change in the
real part of the refractive index) include the Pockels effect [51], the Kerr effect [52], and
the Franz-Keldysh effect [53]. It has been demonstrated that these effects are weak in

pure silicon at the telecommunication wavelengths of 1.3 pm and 1.55 um.

Currently, the commonly used method to achieve modulation in silicon devices exploits
the plasma dispersion effect, in which the changes of free charge concentration in silicon
will induce changes in both the real and imaginary parts of the refractive index. Soref and
Bennett [54] evaluated changes in the refractive index An based on the experimentally
obtained absorption curves for a wide range of electron and hole densities, over a wide
range of wavelengths. They also quantified changes in both the refractive index and
absorption as a function of the carrier concentrations in silicon at the wavelength of 1.55

um, which can be written as
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An =—[8.8x10ZAN, +8.5x10 (AN, )** (1.29)
Aa =85x10" AN, +6.0x10™ AN, ’

whereAN, and ANy are changes in the free-electron and free-hole carrier concentrations,
respectively, and Aa is the change in absorption resulted from changes in free-electron
and free-hole carrier concentrations, respectively. It can be observed that the change of
free-hole carrier concentration will induce a larger effect in the refractive index. Since the
free carrier concentration can be changed at an ultra-high speed,super-fast refractive

index modulation is possible, which is in GHz.

In Figure 1.7, the cross-sections of device structures implementing three different
mechanisms are shown, which are commonly used to electrically manipulate free carrier
concentrations in plasma-dispersion-based silicon optical modulators. In a carrier
accumulation based device, a thin insulating layer of SiO, is used to isolate two halves of
the waveguide to form a capacitor structure. For carrier injection, highly doped p- and n-
regions are separated by an ‘intrinsic region’ in which the waveguide is formed. Forward-
biasing causes free electrons and holes to be injected into the ‘intrinsic’ waveguide region.
For carrier depletion, lightly doped p- and n-type regions abut in the waveguide to form a
p—n diode. The depletion area of the diode becomes larger with increasing reverse bias
voltage. In terms of speed, carrier depletion is the fastest since the time of recombination
of holes and electrons is very short, while carrier injection is the slowest due to the longer
traveling time of holes and electrons across the waveguide. In terms of refractive index
change, carrier injection can induce the largest change, since the change of holes and

electrons concentration is controled by the forward current. Therefore, a carrier injection
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based p-i-n modulator can provide large changes of refraction index as well as high
modulation depths in micron-size devices. However, it is also conventionally thought to
be a slow device. The high modulation depth comes from the fact that it does not suffer
from either small optical confinement factor or low carrier density in the active region,
while its speed is limited since it relies on the slower diffusion of minority carriers, as

opposed to the faster drift of majority carriers.

Figure 1.7: Schematic of different plasma-dispersion-based silicon optical modulators based on
the following: (2) carrier accumulation, (b) carrier injection, and (c) carrier depletion. [54]

Based on above-mentioned modulation methods, silicon based modulators were not
realized until a CMOS phase modulator was reported in 2004 [19], as shown inFigure 1.8.

An MOS capacitor phase shifter was used to realize the charge density modulation. Via
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the free carrier plasma dispersion effect, modulation of the refractive index in silicon can

be achieved to obtain optical phase change.
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Figure 1.8: Cross-sectional view of a CMOS capacitor waveguide phase shifter using silicon-on-

insulator technology [19].

In terms of physical configurations of the silicon optical modulators, Mach-Zehnder
interferometers (MZI) and microring resonators [55] have been widely explored due to
their compatibility with CMOS fabrication, as shown in Figure 1.9. FP interferometers
have also been employed in silicon optical modulators [56,57], whose transfer function
is similar to that of a microring resonator but with less power efficiency due to the extra

reflection/transmission loss at the second mirror of the FP cavity.
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Figure 1.9: Schematic of (a) MZIl-based silicon modulator [19] and (b)ring-resonator-based

modulator [55]. The inset shows the cross section of the ring.

The comparison of the MZI-based and ring-resonator-based modulators is shown in
Table 1.1. The disadvantages of MZI modulator include high power consumption and
large footprint (in the order of millimeters), but it has a large optical bandwidth and good
fabrication tolerances, and endures larger temperature variations. The main disadvantage
of a microring modulator is the tradeoff between the free spectrum range (FSR) and the
tunable phase range. To achieve a large phase change, a large perimeter of the ring is
needed, which will reduce the FSR and limit the working range in terms of the tunable
wavelength range. Another drawback of ring resonator modulator is its extra-high

temperature sensitivity, which requires the temperature to be held within 21 <C to operate.
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To address the temperature sensitivity, a thermoelectric cooler needs to be introduced.

Multiple rings can also be used to reduce the temperature drift, but only over a relatively

small wavelength range [58].

Table 1.1:Comparison of the MZI-based and ring-resonator-based modulators

MZI MZI Ring Resonator | Ring Resonator
Features . L SO )
(depletion)[78] | (injection)[79] | (injection) [61] | (depletion) [62]
Modulation |~ 3551176 5v | 10GHZ/1.8V |  3GHz/0.5V 10GHz/2V
Speed/Voltage
Footprint ~10* pm? ~400 pm? ~10%um? ~10%um?
Power 30pJ bit * 5pJ bit . 86f) bit 50fJ bit -
Consumption
Working
Bandwidth >20 nm — 0.2 nm 0.1 nm
Thermal Very large Very large (21°C
Sensitivity Very small Very small (#1°C required) required)

1.2.4 System-on-a-chip (SOC)integration of silicon photonics

Optoelectronics and photonics are playing a significant role in every aspect of daily life,
including communication and information technologies, clean energy, biomedical device,
chemical sensing, and consumer electronics. So far, in communication systems, the use of
optical components has been limited to long distance operations by replacing electrical
cables to optical fibers. With the demand of higher speed for data transmission,
optoelectronics and photonic technologies have attracted much attention in recent years
due to their advantages of much higher link bit rates over traditional copper link devices

with intrinsic limitations.
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Currently, most optoelectronic devices are individually fabricated and packaged, which
are different from the batch-fabricated microelectronics devices that can be fabricated via
very-large-scale integration (VLSI) with much reduced individual price. Individual
assembly will reduce the reliability of optoelectronic systems and increase their
manufacturing costs. Furthermore, traditional optoelectronics uses I11-V alloys that
require much more complex technology, compared with the silicon material that is
widely used in the microelectronic industry. Therefore, developing an optical SOC that is
compatible with CMOS fabrication process will represent a significant leap forward from

the existing optoelectronic devices.

Silicon photonics, in which silicon or silicon compatible materials are used to fabricate
photonics devices by using available microelectronics facilities, is emerging as the
potential technology that can address the above-mentioned challenges. Since CMOS
process is silicon based, integration of optical functionalities on silicon is the most
obvious option. Traditional optical components have been extensively replicated in
silicon photonics, such as silicon photonic waveguides [63], silicon optical
modulators [64], silicon lasers [65], photodetectors for silicon photonics [66],

directional coupler [67], and etc.

Although some attempts have been made [65,68], development of an electrically pumped
silicon laser with high enough efficiency still remains a challenge, mainly due to the
indirect band gap of silicon. Currently, hybrid integration of various silicon photonic
devices with a group 111/V material-based source is the most viable option. In general,
there are two possible approaches. The first and most straightforward approach is to use
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an off-chip laser that can be a vertical-cavity surface-emitting laser-type laser flip-chip
bonded to the silicon substrates [69]. The second approach is to heterogeneously
integrate the 111/ source directly on the silicon chip using either molecular wafer
bonding or divinylsiloxae-benzocyclobutene (DVS-BCB) adhesive wafer bonding [70].
Devices can then be directly fabricated on the chip and no alignment afterward is
required. The full photonic layer, such as passive components including waveguides,
filters, multiplexers, combiners, and splitters, can eventually be realized by using 1/V

material bonded on the silicon wafer through a membrane approach [71].

Since there still exists technical barriers for a totally silicon-based optical system-on-a-
chip, research that uses either hybrid integration or CMOS monolithic integration of
several photonic components are being intensively explored, which will be briefly

reviewed as follows.

An example of integrated microring laser with two photodetectors [72] is shown in

Figure 1.10.
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Figure 1.10: (a) Schematic of a compact hybrid silicon ring resonator based light source
integrated with tapered photodetectors. (b) Microscopic image of a finished device with critical

dimensions [72].

Another hybrid-integrated silicon photonic device [73] was the 50 Gbps silicon
photonics link developed by Intel Inc., which includes two silicon chips, a transmitter,
and a receiver. The transmitter chip is consisted of four hybrid lasers. The light beam
fromeach of the laser is coupled into an optical modulator that encodes data at 12.5Ghbps.
The four beams are then combined and delivered to a single optical fiber for a total data
rate of 50Gbps. At the other end of the link, the receiver chip is used to separate the four
optical beams and directs them into four photo detectors, which convert data back into
electrical signals. Both chips are assembled using low-cost manufacturing techniques
familiar to that used in the semiconductor industry. The transmitter flip chip is shown in
Figure 1.11(a), along with a PC-board level assembly, as shown in Figure 1.11(b).The
50Ghbps silicon photonics link brings together the unique attributes of laser and IC

technologies. A single set of transmitter and receiver chips can deliver 50 Gbpsbandwidth
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over long distances, with extremely low error rates. The bandwidth can “scale up” by
increasing the modulation speed and “scale out” by integrating more optical channels into

the link, providing a clear path to terabit I/0O connections.

Integrates Hybrid Silicon Lasers
With Modulators for data encoding
and a Multiplexer to put 4 optical
channels onto 1 fiber
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Figure 1.11: (a) Integrated optical system for the transmitter of the optical link and (b) PCB-
assembled configuration for the transmitter of the optical link [73].

31



Although CMOS monolithic integration to include the laser source is still not practical at
the current research level, attempts have been made by integration of several other optical
components or part of the photonic system. A process for integrating multiple photonic
layers on the backend of CMOS electronics has been investigated [74]. Using low-
temperature plasma enhanced chemical vapor deposition (PECVD) of Si3N, as a guiding
layer and PECVD of SiO; as a cladding, multiple stacked optical layers are coupled
through different microring resonators. Using deposited photonic materials in a back-end
process could enable the integration of photonics with microelectronics without suffering
from the limitation of single layer optical networks. Along with using group IV
compatible materials, back-end processes require deposition and processing of materials
at around or below 400<C to avoid distressing the metallization and changing the dopant

diffusion.

Progress on integration of silicon photonic devices for optical telecommunications has
also been made [75]. In order to integrate silicon wire waveguides, germanium
photodetectors, and silicon waveguides, the process for the selective epitaxial growth of
germanium on a silicon waveguide core and that for the low temperature deposition of
silica waveguide film has been developed. Together with spot size converters for
coupling silicon wire and silica waveguide with a low loss, researchers have managed to
monolithically integrate silicon variable optical attenuators (VOAS) with germanium
photodetectors (Figure 1.12(a)), and silicon VOAs with a silica arrayed waveguide

grating (AWG) (Figure 1.12(b)). These integrated Si photonics devices exhibit adequate
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performance to be used in future telecommunication systems that will combine

wavelength-division multiplexing (WDM) and burst-mode packets.
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Figure 1.12: (a) Optical micrograph of a chip integrating Si VOAs and Ge PDs in an array of
eight device pairs and (b) optical microscope image of a fabricated VOA-AWG integrated
device [75].

In another work, a WDM transceiver has been demonstrated [17], as shown in Figure
Figure 1.13(a). It integrates four 10 Gbps transmitters, which are fed by 4 WDM signals
with a frequency spacing of 200 GHz, a 4-channel WDM-multiplexer (MUX) with 200-
GHz spacing, a 4-channel WDM demultiplexer (DEMUX), and four 10-Gbps receivers

using Ge-PIN photodetectors. The die has a footprint of 9mm>8 mm, as shown in Figure
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1.13(b). The optical connections to the die are made via the optical interface, which
consists of a linear array of grating couplers spaced at 250 pum. A fiber array assembly
can be bonded with these grating couplers. The high-speed electrical signals are routed to

the module edge connector via a flex circuit.
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Figure 1.13: (a) Photographs of a fabricated CMOS die and (b) an assembled test system [17].
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A hybrid integration of CMOS transmitter and receiver circuits for a 10-Gbps single-
ended optical link in a 40-nm CMOQOS technology has been explored [76], as shown in
Figure 1.14. The integration excludes the light source and hasl6 microrings for 16
channels of digital data transmission. The CMOS modulation/demodulation circuit and
optics chip are on separate dies during fabrication, and are bonded together afterward by
face down bonding. Some other similar explorations have been made [77,78], but still

exclude the lasers.
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Figure 1.14: (a) Schematic of CMOS circuits and (b) bonding method for the circuits and optics

chip [76].
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Although there has been much progress on silicon photonics integration that mainly
focuses on high speed data communication, integrated silicon photonic sensing systems

are still largely unexplored, which becomes one of the aims of this dissertation.

1.2.5 Wireless sensor network nodes and their applications

Recent rapid development in MEMS technology, wireless communications, and digital
electronics have enabled the development of low-cost, low-power, multifunctional sensor
nodes that are small in size and can communicate in short distances. These small-scale
sensor nodes consist of sensing, data processing, and communication components, which

enable sensor networks that are based on collaborative effort of various nodes.

Sensor networks have demonstrated a significant improvement over traditional sensors,
by deploying sensor nodes either inside the sensing interest or very close to it. The
positions of sensor nodes do not necessary to be pre-determined due to the network
protocols and the self-organization capabilities ofalgorithms. Another unique feature of
sensor networks is the cooperative effort of sensor nodes, with the on-board
microprocessor, instead of sending raw data to the gate node that is responsible for data
fusion, sensor nodes can locally carry outsome simple computations and transmit

partially processed data, reducing transmission data density in the network.

The features described above lay the foundation for an extensive range of applications for
WSNs. They can be used in health care, military, security, smart home, environmental
monitoring, and etc. Sensor node is the key component in WSNs, which can be used for

continuous sensing, event detection, location sensing, and local control of actuators. The
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concept of micro-scale sensing nodes and wireless connection of these nodes promises
many new application areas. A brief introduction of different kinds of sensor nodes used

in WSNs will be given as follows.

Mica based sensor node [2]was developed by Mainwaring et al. for habitat and
environmental monitoring. It requires long-term operation to cover an extended period of
time to sufficiently monitor seasonal weather change effects. As shown in Figure 1.15,
the Mica Weather Board includes sensors that can monitor changing environmental
conditions similar to a traditional weather station. Various sensors are integrated in The
Mica Weather Board, including temperature, photo-resistor, barometric pressure,

humidity, and passive infrared (thermopile) sensors.

Figure 1.15: A Mica sensor node (left) with the Mica Weather Board developed for

environmental monitoring applications [2].

Since habitat monitoring needs to be run continuously for nine months — the length of a
single field season, Mica operates on a pair of AA batteries, with a typical capacity of 2.5
ampere-92 hours (Ah). The baseline life time of the node is determined by the current

draw in the sleep state. Minimizing power in sleep mode involves turning off the sensors,
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the radio, and putting the processor into a deep sleep mode. Additionally, 1/0O pins on the
microcontroller need to be put in a pull-up state whenever possible to prevent current
leakage. The Mica nodes are also modified with a Schottky diode, which allows it to

reliably bypass the DC booster while reducing the supply voltage in sleep modes.

Mica2based sensor node [6], also called Traffic-Dot was developed byColeriet al. for
traffic surveillance. It consists of a processor, a radio, a magnetometer, a battery, and a
cover for protection from the vehicles, as shown in Figure 1.16. The magnetometer
detects distortions of the earth’s field caused by a large ferrous object like a vehicle. Such
a vehicle can be modeled by a composite of many dipole magnets. Since the distortion
depends on the ferrous material and its size and orientation, a magnetic signature is
induced corresponding to the vehicle’s shape and configuration. To measure the vehicle
speed, synchronized node pair with known separation is used. The measurements can also
be used to obtain the magnetic vehicle length by using the estimated speed and the

occupancy time from each node.

Figure 1.16: Traffic-Dot for traffic surveillance [6].
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To increase the lifetime of the network, the magnetic sensor is based on anisotropic
magnetoresistive (AMR) sensor technology so that the reaction of the sensor is very fast
and not limited by coils or oscillating frequencies, and it can be turned off between the
samples. In a sensor node, battery energy is mostly consumed by the radio. Therefore, the
network communication protocol, which determines how the radios are operated, has a
decisive influence on the battery lifetime.The radio is controlled by PEDAMACS (Power
Efficient and Delay Aware Medium Access Protocol for Sensor Networks), which
controls the transmissions of the nodes so that their radio sleeps when it is not scheduled
either to transmit a packet or to listen for one. PEDAMACS can help increase the lifetime
of the network to several years, which can compete with the traditionally used inductive

loop detectors with a 10 year lifetime.

Telos based sensor node ActiS [3] was developed byMilenkovicet al. for ultra-low
power applications such as personal health monitoring. As shown in Figure 1.17, ActiS
node utilizes a commercially available wireless sensor platform Telos and a custom
intelligent signal processing daughter card attached to the Telos platform. The daughter
board interfaces directly with physical sensors and perform data sampling and in some
cases preliminary signal processing. The pre-processed data is then transferred to the
Telos board. The Telos platform can support more sophisticated real time analysis and
can perform additional filtering, characterization, feature extraction, or pattern
recognition. The Telos platform is also responsible for time synchronization,

communication with the network coordinator, and secure data transmission.
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Figure 1.17: ActiS sensor node based on Telos platform [3].

In order to better understand various issues in designing awearable wireless sensor
network for health monitoring, the development of ActiSsensor node aimedto satisfy the
requirements for small size,low power consumption, secure communication, and
interoperability. Awearable wireless body/personal area network (WWBAN) prototype
consists of multipleActiS sensor nodes. The initialWWBAN setting includes a sensor
node that monitors bothelectrocardiogram activity and the upper body trunk position and
twomotion sensors attached to the user’s ankles to monitoractivity. Such a WBAN allows
one to assess metabolic rateand cumulative energy expenditure as valuable parametersin
the management of many medical conditions and correlatethat data with heart activity.
The heart activityand acceleration data arecollected during normalwalking with a motion

sensor attached to the right ankle.

Imote2 based sensor node 1SM400 [5] was developed by Polastreet al. for structural
health monitoring (SHM). The ISM400 sensor board is designed to interface with the
Imote2 smart sensor platform. This versatile sensor board is tailored to SHM applications

and is capable of providing the information required for comprehensive infrastructure
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monitoring. As shown in Figure 1.18, the Imote2 based 1ISM400 provides three axes of
acceleration measurement as well as light, temperature, and humidity measurements. The
4-channel analog to digital converter (ADC) can accommodate an additional external

analog input signal, e.g. strain measurement.
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Figure 1.18: (a) ISM400 sensor board and (b) Imote2 based ISM400 sensor node [5].
In some applications such as SHM, large data density and long range wireless
communication are required with less restriction on size and power, making it possible to
use large batteries. Compared with Mica or Telos based sensor nodes, Imote2 based

sensor nodes have more advanced microprocessor and electronic peripherals to provide a
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much better performance, while at the cost of a larger power consumption and size.
ISM400 has been used for structural health monitoring of a cable-stayed Jindo Bridge in
South Korea. 70 sensor nodes (leaf nodes) have been installed to mainly collect

acceleration data to calculate the cable tension forces of the bridge [79].

For all the above-mentioned WSN sensor nodes, they are based on mechanical/electrical
sensing principle, and mostly use dummy sensors like temperature, pressure, and
acceleration sensors, which have limited application territory and can be easily affected
by EMI. Furthermore they are difficult to be implemented in harsh environment
monitoring. To take the advantage of an optical system, some effort of using optical

WSN sensor node has been made.

LazerSPECks based sensor node [13] was developed by So et al. forgas detection. It
employsquartz-enhanced photoacoustic spectroscopy (QEPAS) method. The typical
QEPAS implementation involves generating a modulated laser beam that passes between
the prongs of the tunable fork. Modulation of the optical frequency is matched to a
harmonic of the tunable fork resonant frequency, typically fo, where f; is the fundamental
frequency of the tunable fork of 32 kHz. The acoustic sound waves generated by periodic
heating of the gas sample push the tunable fork prongs apart, generating a current in the
piezo-electrically active crystals. At the near-infrared wavelength, optical fiber coupled
telecom components are available to robustly deliver the radiation between the prongs,
reducing the effect of mechanical disturbances that cause optical misalignment. The
tuning fork and laser are shown in Figure 1.19(a) and the whole sensor node is shown in
Figure 1.19(b).
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Figure 1.19: (a) Photographs of quartz tuning fork and telecomlaser and (b) two boards for the
LazerSPECks [13].

However, currently, optical sensor systems are still rarely used in WSNs. This is mainly
due the bulkiness and high cost of optical devices. Another reason comes from large
power consumption of optical systems. Therefore, although an optical system usually
provides better performance than a mechanical/electrical system, it has been thoroughly

explored for use in WSNSs due to the intrinsic nature of resource scarcity of WSNSs.

1.3  Motivation for this doctoral research

First, high performance optical WSNs for heterogeneous sensing of various parameters

are needed for many applications. Although WSNs have attracted a lot of attention and
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been investigated for numerous applications [2-6], WSNsmake use of a high
performance optical sensing system is still not yet realized. Compared to the conventional
electrical/mechanical sensing methods used in WSNs, optical sensing methodshave many
advantages. Meanwhile, although optical sensing has been widely used in various
applications [29,30,47,80], heterogeneous sensing of multiple parameters with a single
miniature optical system is still largely unexplored and difficult to be implemented. Most
traditional optical sensing techniques rely on measuring either phase change or
wavelength shift, which limits their application territory. If both sensing mechanisms can
be implemented in a single optical system, not only will it be extended to more
applications, but also reduce a lot of redundancy in the optical sensing system. Therefore,
one goal of this dissertation work is to develop an integrated high performance, low
power-consumption, compact sized optical system for distributed heterogeneous optical
sensingin WSNs. This will fully exploit theadvantagesof optical sensing and make it

possible to use WSNs in harsh environments.

Second, miniaturization of an optical sensing system is needed in order to implement the
optical system in WSNs. WSNs are used in applications where resources,including space
and energy,are very limited. Although optical sensing systems have been widely
implemented, they are bulky and expensive, and on chip optical system integration still
remains a challenge due to the distinctive nature ofdifferent optical components [69—76].
Most optoelectronic devices are individually fabricated and packaged, which are different
from the batch-fabricated microelectronics devices that can be fabricated via VLSI with a

much smaller size. Individual assembly will reduce the reliability of optoelectronic
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systems and increase their manufacturing costs. Furthermore, traditional optoelectronics
uses I11-V materials that require much more complex technology, compared with the
silicon material that is widely used in the microelectronic industry. Although some
attempts for such kind of optical CMOS integration have been made in silicon photonics,
they focus on optical tele-communication, which has very different requirements than
those of optical sensing. Therefore,developingan optical SOC sensing system that is
compatible with CMOS fabrication process will have a significant impact, which is

another goal of this dissertation work.

Finally, a high performance optical modulator that has dual tuning capability is needed to
achieve better performance and multifunctionality of the optical sensing system.
However, it is challenging to realize such dual sensing capabilities, since this requires a
high performance modulator that can be used for both phase modulation and wavelength
tuning, which becomes even more challenging for high frequency sensing applications.
For example, a MEMS FP tunable filter is an opto-mechanical type of modulator that has
a very large modulation depth, butsuffers from low frequency. With the emerging
technology of silicon photonics [19], high speed phase modulation and wavelength
tuning are made possible by using a MZI[19] and a microring [55] resonator,
respectively. However, to achieve a large phase modulation range (i.e., =), it will require
the MZI to have a path length in the order of millimeters. For a microring resonator, it
has very limited wavelength tuning range of around 2 nm. Moreover, the current MZI and
microring based devicesdo not have dual-tuning capability. Thus, last goal of the

dissertation work is to develop a high-speed optical modulator that has a dual-tuning
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capability, with a large modulation depth, and implement such a modulator in an optical

system to accomplish heterogeneous sensing.

1.4  Objectives and scope of dissertation

The overall goal of the dissertation work is to achieve a fundamental understanding of a
smart multifunctional optical SOC sensor platform and to develop an optical WSN sensor
node that integrates this platform with a wireless communication module for various

applications in WSNs. Specific objectives include the following:

1) Develop a smart multifunctional optical SOC sensor platform that can provide high

performance interrogation for heterogeneous optical sensors.

2) Carry out modeling and experimental studies of the multifunctional optical sensor
platform to achieve enhanced understanding of the principle and performance of such a

platform for interrogation of heterogeneous sensors.

3) Design and develop a CMOS compatible, silicon device that is capable of high speed
phase modulation and wavelength tuning, which will be used as a key component of the

next generation multifunctional optical platform.

4) Develop an optical WSN sensor node that integrates the optical sensor platform with a

wireless sensor network module for wireless data communication.

5) Carry out experimental studies of the optical WSN node for heterogeneous sensing.
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6) Demonstrate and explore the applications of the optical WSN node for sensing in harsh

environments.

To achieve these objectives, three major research thrusts are carried out in this

dissertation work.

Research thrust 1: Design and develop a smart multifunctional optical system-on-a-

chip sensor platform with heterogeneous sensing capability.

In order to integrate a SOC optical system into WSN, this research thrust aims to design
and develop a smart optical sensor platform that can accomplish heterogeneous sensing.
In this dissertation work, heterogeneous sensing are studied in two folds: i) an optical
sensing system with capability of interrogating multiple sensors based on different
sensing mechanisms and ii) an optical sensing system with multiple sensors of the same
type, but capable of measuring various parameters. To achieve heterogeneous sensing
capability, both opto-mechanical and electro-optical modulators are studied for
simultaneous phase modulation and wavelength tuning. The sensing mechanisms of the
multifunctional optical sensor platform based on these two different types of modulators
are investigated. With such a dual-tuning optical modulator, a smart optical sensor

platform capable of heterogeneous sensing can be achieved.

Research thrust 2: Design, develop, and analyze the optical wireless sensor network

node.

In this research thrust, by using the smart multifunctional optical sensor platform, an

optical WSN node is developed and a simple network based on the WSN node is
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established for optical WSNs. A support circuit is designed for the optical system.
Multiple channels of data acquisition, modulation control, and signal processing are also
built into this embedded optical system. Integrated with a wireless communication
module, an optical WSN node is developed and a simple network is formed for achieving
the optical WSNs with several sensor nodes. In addition, the power budget and life time

analysis of the optical WSN node are carried out.

Research thrust 3: Carry out experimental studies on smart optical sensor platform

forheterogeneous sensing in optical wireless sensor networks.

After the smart optical sensor platform and corresponding optical WSN are developed,
experimental studies are carried out to examine the heterogeneous sensing performance.
Based on a phase modulation method, interrogation of various FP sensors in a LCFOI
configuration by using the smart optical sensor platform is carried out, which
demonstrates that this platform is capable of wireless distributed sensing. Based on the
wavelength tuning method, this platform is also demonstrated for strain sensing using
multiplexed FBG sensors, and simultaneous pressure and temperature sensing with

spectrum domain signal processing.

The rest of this dissertation is organized as follows. In Chapter 2,a brief introduction of
the smart multifunctional optical SOCsensor platform is first provided. Two major
sensing mechanisms of the smart multifunctional platform are then presented. As the key
component to achieve these sensing methods, two different types of optical modulators,
one being the opto-mechanical modulator and the other being the electro-optical

modulator, are studied. Further, a smart multifunctional platform based on the opto-
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mechanical modulator is developed through on-chip hybrid integration. In Chapter 3, the
development and implementation of the optical WSN node are described, along with the
life time analysis of the optical WSN node. In Chapter 4, experimental studies of various
WSN applications using the optical WSN node are presented. A heterogeneous sensing
system based on the smart optical sensor platform that can perform both phase
modulation and wavelength tuning is successfully demonstrated. In Chapter 5, the
dissertation work is summarized and contributions are discussed, followed by

suggestionfor future work.
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Chapter 2 Smart Multifunctional Optical System-on-a-chip Sensor

Platform: System Design, Modeling, and Development

2.1  Overview of the smart multifunctional optical system-on-a-chip sensor

platform

A basic design of a multifunctional sensing system includes a broadband light source
(such as a superluminescent light emitting diode (SLED)), an optical modulator, multiple
optical sensors, and photodetectors, as shown in Figure 2.1. Light from the broadband
source first goes through the optical modulator, and then the modulated light signal is
sent to the optical sensors, where the reflected light intensity is recorded by

photodetectors for further signal demodulation and retrieving sensing information.
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Figure 2.1:Schematic of a multifunctional optical sensing system.
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This optical sensing system can serve as a platform for multifunctional and
heterogeneous sensing. It can be observed that the key to achieve heterogeneous sensing
is how the optical modulator is used to modulate the light signal. In optical sensing
systems, phase and wavelength of the light are the two most commonly used parameters
for sensing. For example, if the optical path difference or refractive index in a sensor is
changed, the phase will be modulated and resolving the phase information will allow one
to determine the corresponding optical path difference change or refractive index change
from the sensor. When the wavelength is used as a means for sensing, a spectrum
domain characteristic of the sensor can be obtained and used to determine the sensing
parameters. Obviously, if the modulator can be used for perform both phase modulation
and wavelength tuning, which has not yet been thoroughly explored, the optical sensing
system will render the multifunctional capability. A multifunctional optical sensing
system will not only greatly expand the application territory but also reduce the

redundancy of multiple optical systems or optical components.

2.2 Sensing mechanism of the smart multifunctional platform: modulation

and demodulation schemes

In order to achieve both phase modulation and wavelength tuning in a single system, the
corresponding modulation and demodulation schemes in time domain and spectrum

domain interrogation schemes are investigated.

2.2.1 Time domain optical phase modulation and demodulation
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In the time domain, the phase modulation method can be easily implemented in a low
coherence fiber-optic interferometry (LCFOI) based system, and the schematic of a
multifunctional optical platform based on LCFOI is illustrated in Figure 2.2. The key
components of this platform include a SLED as the light source, a tunable Fabry-Perot
(FP) filter as an optical phase modulator, and multiple photodetectors for optical signal
detection. The tunable FP filter is used here for a simple illustration and the principles
can be applied to any other types of phase modulators that can alter the phase. These
components along with multiple optical sensors (e.g., FP sensors) supported by the
platform are arranged to form a differential low coherence interferometer consisting of
multiple FP sensing interferometers (multiple sensors) and a single reference
interferometer (the tunable FP filter). It should be noted that the multifunctional optical
sensor platform can accommodate multiple optical sensors in different configurations for
measuring various parameters such as temperature, pressure, sound, and chemicals. These
optical sensors can be mounted on board or used as sensor probes for remote sensing.
Remote sensing capability of the system is useful for applications that require harsh
environmental sensing, such as combustion engine monitoring and sensing in deep oil

well.
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Figure 2.2:Schematic of the optical multifunctional sensor platform in a LCFOI
configuration.Sensors 1 to n represent the representative optical sensors that can be arranged on
board or used remotely. If the sensors are FP sensors, Lg, Lsy, ...,Ls, denote the cavity lengths of

the sensors.

The working principle of the optical sensor platform for phase modulation can be
summarized as follows.Low coherent light from the SLED with a coherence length L. is
first sent via a 1x2 optical fiber coupler to a reference interferometer — the tunable FP
filter. The reflected light from the FP filter is then split and coupled via several couplers
into multipleFPinterferometer-based sensors. A FP configuration uses two mirrors (a
partial mirror and a second mirror, which can be either a partial or a complete mirror) to

form a cavity. The light wavesreflected from the two mirrors of each FP sensorwith a

53



cavity length ofLswillhave a phase difference ¢g=2konLs, where n is the refractive index of
the media,ky =274/1 is the free-space wave number and A is the free-space wavelength.
The measured parameters (such as temperature, pressure, chemical species, and etc.) can
induce a phase difference change #(t) in ¢, by changing either refractive index or
physical cavity length. The reflected light from each FP sensor is then coupled back to
the waveguide and sent to a photodetector. The tunable FP interferometer that has an
initial cavity length ofL, can introduce another phase difference @=2konL,. When it is
path-matched to the FP sensors (L=Ls) and the coherence length L. is much shorter than

LrandLs, the output intensity received by each photodetector [81]is

I, ~ A+Bcos[2k,n(L, —L,)] = A+Bcos(d — ¢ ) = A+Beos(@(t)), >

whereA and B are the constants related to the mirror properties of the FP interferometer,
and ¢#(t)is the differential phase between the reference interferometer and the sensing

interferometer.

Owing to the differentiation of the phase signal between the two interferometers, this
technique has immunity to wavelength and power fluctuation induced noise, permits a
short effective sensing cavity (several um), and yields a high resolution (~ 10" nm [82])

and a large dynamic range (several tens of wavelength).

Note that the true sensor output is the differential phase signal #(t). To retrieve @(t)from
the output intensity in Eq. (2.1), a phase demodulation scheme can be applied. Here, a
digital phase demodulation scheme is developed for the multifunctional optical sensor

platform. The schematic of the phase demodulation scheme is illustrated inFigure 2.3.
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The key idea is to superimpose a high frequencymulti-step phase-shifting signal ¢; (j is an
integer that represents the number of phase steps) on the output phase#t). When the
frequency of ¢; is much higher than that of the sensor output ¢(t), the unknown phase #(t)
can be resolved based on the multiple intensity signals associated with the introduced
phase variations. The essence of this scheme is based on phase-measurement
interferometry (PMI), a widely used technique in image processing and Moiré
interferometry [83,84]. This phase demodulation scheme not only enables real-time, high
frequency measurements, but also renders a spatial division multiplexing sensor system,
in which all the sensors share the same reference interferometer and phase demodulation

scheme.

Modulated phase (o = O,E,ms—ﬂ)

2

‘ FP tunable filter
Optical sensor

Sensor induced G 3
Y <:| phase signal =
#(1)

D/AﬁApply driving voltage

Real time

AID _
> :> ...,'-\",'vf.cmconm?"_'ff" :> sensor output
I, =A+Bcos(4(t) + ;) #(t)

Phase

Photodetector ﬁ unwrapping

Phase shifting
algorithm

Figure 2.3: Schematic of the digital phase demodulation scheme.
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To implement the phase modulation scheme, the optical signal is modulated by using the
tunable FP filter. The modulation signal is a sinusoidal wave generated from the digital-
to-analog (DA)output of a microcontroller. This signal is applied to change the cavity
length of the FP filter, resulting in an optical phase change (¢;), i.e., the modulation phase.
Before carrying out phase demodulation, the FP filter is calibrated to obtain the
relationship between the obtained phase shift and the applied voltage. Based on the
calibration results, in every period of the modulation signal, four digital voltages are
selected to drive the tunable FP filter to obtain four step phase values (¢; =0, 72,7, and
372). In this case, the output intensity will contain the information of the combination of
the four-step modulation phases and the unknown phase ¢(t).The optical intensity with
the combined phase signal is then sampled four times for each period of the modulation
signal and detected by using the photodetector. Based on Eq. (2.1), the four-step sampled
intensity l;can be written as [82]:

|, =a+bcos[g(t)+0], 1,= a+bcos[¢(t)+%], 22

l,=a+bcos[g(t)+~], I,= a+bcos[¢(t)+377[].

Since the frequency of ¢(t) is much lower than that of the modulation phase, #(t) can be
considered to be unchanged as the modulation phase varies. Through manipulation of Eqg.
(2.2), the unknown phase that corresponds to the sensor output can be obtain as

(2.3)

#(t) =tan* (%) .

1
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It is noted that since the inverse tangent function is multivalued, discontinuities in the
obtained ¢(t) exist. In order to determine the continuous phase change, a phase
unwrapping algorithm is used to detect when this discontinuity occurs, and then to either

add to or subtract zfrom ¢(t) . The phase obtained after unwrapping is therefore the true

sensor output signal that can be used to determine the measured parameters (e.g.,

temperature, pressure, chemical, and etc.).

Although the above-mentioned phase modulation/demodulation scheme is based on a FP
tunable filter, the principle can be applied to any similar optical system that uses a phase

tunable optical modulator.

2.2.2 Spectrum domain optical signal processing schemes

In this dissertation work, a fiber Bragg grating (FBG) based system is used to provide a
simple example to demonstrate a possible spectrum domain signal processing scheme by
using wavelength tuning of an optical modulator. This scheme can also be applied to

other types of sensors that utilize the spectrum information.

The schematic of the multifunctional optical platform used for FBG interrogation is
illustrated in Figure 2.4(a).In Figure 2.4(b), working principle of using the smart
multifunctional system-on-a-chip (SOC) sensor platform for interrogation of FBG

sensors is illustrated.
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Figure 2.4:(a) Schematic of the multifunctional optical platform used for FBG interrogation.

(b)Working principle of the smart SOC sensor platform for FBG sensor wavelength detection.

Psource( A ) represents the power spectrum of the SLED broadband source. When the light

from the source is coupled into a tunable FP filter, the reflected spectrum from the filter
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is illustrated as Prirer( 4, ), Where the dip wavelength 1, depends on the applied voltage V.

Depending on the bandwidth of the SLED and the working range of the tunable filer, the

tunable wavelength range is from starting wavelength A to finishing wavelength 4, .

Before coupled to the FBG sensors, the spectrum of light reflected from the FPfilter is

given as

2.4
Pfiltered (/1) = Psource (ﬂ') ’ Pﬁlter (ﬂ’d) ) ( )

which is an impulse function whose dip wavelength depends on the applied voltage. The
light is then transmitted through the multiple FBG sensors with a transmission spectral
response of Pegg(4i), where 4; represents each FBG sensor’s Bragg wavelength. Note that
the Bragg wavelength of each Bragg grating is designed to be within a different
wavelength spectrum window, which defines the dynamic range of each Bragg grating

sensor and facilitates wavelength division multiplexing. When registered at the

photodetector, the output light spectrum of the overall optical system P, (4) can be
found as
2.5
Psystem (;i“) = Pfiltered (l) . I:)FBG (21) ' ( )
And the measured output power at the photodetector can be obtained as
(2.6)

PPD (V) = I Psystem (ﬁ“)d){’ ’

During the tuning process of the FP filter, when the dip wavelength of filtered light

overlaps with the Bragg wavelength of a FBG, a peak output power in P,,(V)can be
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detected and the voltage applied to the filter at this peak output power can be used to

determine the dip wavelength of the filter (i.e., the Bragg wavelength of the FBG).

This method provides an easy way for high frequency interrogation of the FBG sensors
using the same optical system as that used as a low coherence fiber optic interferometry
system. However, it requires a pre-calibration of the relation between modulation signal

(usually voltage) and the wavelength change, for each specific optical system.

Although this system with an FP filter for wavelength tuning is only demonstrated for
interrogating a FBG sensor, the same principle can also be applied to other types of

sensors that require spectrum domain signal processing.

2.3 Design, modeling, and fabrication of optical modulator capable of both

phase modulation and wavelength tuning

The key to accomplish a high performance heterogeneous sensing with the
multifunctional optical sensor platform is to obtain a modulator that can perform high
frequency, large dynamic range, high resolution phase modulation and wavelength tuning.
Opto-mechanical and electro-optical modulators are two major types of optical
modulators. Both of them are investigated here to understand their potential for such
dual-tuning capability, and a comparison of these two types of modulators is made at the

end of this section.

2.3.1 Opto-mechanical modulator
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An opto-mechanical modulator is designed for this smart multifunctional SOC sensor
platform, which utilizes a microelectromechanical systems (MEMS) comb actuator to
move one of the two mirrors of a FP tunable filter, and thus the required phase

modulation and wavelength tuning can be achieved.

2.3.1.1 Design and mechanical modeling of the MEMS tunable filter

The opto-mechanical modulator, or the MEMS FP tunable filter, is constructed by
usingtwo mirrors to form a FP cavity. One mirror is a micro-fabricated curved
mirror,moved by an electrostatic comb actuator to facilitate the modulation of the cavity
length of the FP filter, and the other mirror is the end face of afixed well-cleaved single
mode fiber (SMF28), shown in Figure 2.5. A crab-leg flexure for the spring structure is

adopted to achieve very large displacements.

v
Comb Structure

i L

) A B

Spring Structure Anchor

L.,

Optical Fiber

Figure 2.5: Schematic of the MEMS FP tunable filter.
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To understand the working principle of the MEMS filter, a mechanics and optics model
of the MEMS FP tunable filter is developed to study the relationship between the optical

tuning characteristics and the applied voltage to the comb actuator.

In the comb actuator, a movable set (rotor) and a stationary set (stator) of comb fingers

are engaged. The capacitance between the stator and the rotor can be expressed as:

_ 2Ng,h(Ax(t) +d) @.7)
; ,

C

where N is the number of fingers, &is the dielectric constant in air, h is the depth of the
comb finger, d is the initial finger overlapping length when applied voltage is zero,

Ax(t) is the cavity length change, and g is the gap spacing between the fingers.

With an applied voltage of V =V, +V_, cos(2#ft) , where Vy is the large signal bias

voltage, Vyis the amplitude of small signal driving voltage, f is the modulation frequency
and t is the variable of time, the electrostatic force produced by the comb drive actuator
can be given by

2 2
oc V?= &N [V 2 +\ﬁ+ 2V,V,, cos(2ft) +\icos(47zft)]. (2:8)
o(Ax(t)) g v 2 2

F(t):%

The electrostatic comb drive is attached to a folded-flexure spring structure, as shown in
Figure 2.6(a), in which the beams are anchored near the center and the trusses arenot
fixed to allow expansion or contraction of the beams along the x-axis. For a stiff truss, the
structure model can besimplified as a clamped-clamped beam model [85,86], as shown in

Figure 2.6(b).
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Figure 2.6: (a) Folded-flexure spring structure attached to the comb drive actuator of the MEMS

tunable filter and (b) simplified clamped-clamped beam model.
The entire tunable FP filter including the comb actuators can be modeled as a single
degree-of-freedom vibration system. The spring constant of the folded-flexure structure

in x direction (the direction of the curved mirror movement) is

2Ehb? (2.9)

K, = E

whereE is the Young’s modulus, b is the beam width, h is the beam thickness (the same

as the comb finger thickness), and L is the length of one beam segment.

In order to get a large modulation depth with low power consumption, the filter will
operate at the natural frequency f,of the vibration system. And the natural frequency of

the structure can be obtained from Rayleigh’s quotient [87]
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_ 1K _ 1 K, (2.10)
27\ M

w 27y Mm, +2m i

shuttle beam truss
35 4

fo

whereMgq is the equivalent mass, in which Mgnywe is the mass of the shuttle, Myeam is the

mass of the beams and My IS the mass of the trusses.

All the numerical simulations of this opto-mechanical modulator are executed in Matlab,

the source codes are provided in Appendix A.

The dependence of natural frequency on beam length, beam width, and number of comb
fingers is shown in Figure 2.7(a). Clearer cross-section views are shown in Figure 2.7(b)
and (c). As can be seen from these results, shorter beam length, larger beam width, and
less number of comb fingers will result in a larger natural frequency. However, this is not
the only criterion to determine the dimensional parameters of the FP filter. The optical
modulation characteristics are also important to guide the design of the FP filter, which

will be described later in this dissertation.
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Figure 2.7: (a) Dependence of natural frequency onbeam length, beam width and number of comb
fingers to the natural frequency. (b) Natural frequency as a functional of beam width with a fixed
beam length of 500 pm for different number of comb fingers. (c¢) Natural frequency as a
functional of beam length with a fixed beam width of 2.5 pm for different number of comb

fingers.

The steady state displacement X(t) subjected to a cosine excitation force Fscos(2zft) can

be determined as
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R 1K, cos@rt—tant 2 [Ty (211)

X (t) = ~
JIL= (1 £)27 + (22 1 £,)? 1-(f /1)

whereF; is the amplitude of the cosine force, Ko is the system stiffness, { is the damping

factor of the vibration system, fy is the system natural frequency.

By substituting Eqg. (2.7) and Eg. (2.8) into Eg. (2.11), one can determine the

displacement responses as

2
VZ+ Vo + Msin(Zm‘ot)
gONL3 2 g (2.12)

29 Eb’ N V2

2,/9+16¢72

X(t) = 4
cos[4f,t —tan™ (- ?4)]

Compared to the term of \%sin(&rfot), whenVg/Vp<<l and (<<1, the term of

2
2,9 +16§

can be expressed as

cos[4r f,t—tan™" (- éV)] is negligible,and then the displacement response

PAVE v LV (2.13)

20EL* " 2

AX(t) = X (1) ~ + \%sin(Zﬂfot)].

By using this opto-mechanical FP tunable filter, an optical system-on-a-chip (SOC)
multifunctional sensing system based on phase modulation and wavelength tuning can be
achieved, and the schematic of such a system is illustrated in Figure 2.8. It consists of a
SLED chip as the light source, a MEMS tunable FP filter for optical signal modulation,
and multiple photodetector chips for optical signal detection. Low coherence light from

the SLED is first sent via a 1x2 optical fiber coupler to the tunable FP filter. The reflected
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light from the FP filter is then split and coupled via one or several couplers into multiple
sensors such as FP interferometer based sensors and FBG sensors. The transmitted (or

reflected) light from each optical sensor is then coupled back to a photodetector.

This optical system along with multiple optical sensors (e.g., FP sensors or FBG sensors)
form a multifunctional optical sensing system, which can accommodate multiple
heterogeneous optical sensors in different configurations for measuring various

parameters such as strain, temperature, pressure, acoustic wave, and chemicals.

Tunable Filter _

SLED Coupler
—
=

.9

FBG 1 FBG 2 FBG 3

| |
1K I iHnininini TR T f —>

FBG sensors

| T 'e@

Fabry-Pérot sensor

Figure 2.8: Schematic of the multifunctional optical sensing system with different optical sensors.

2.3.1.2 Optical modeling of the MEMS tunable FP filter for phase modulation

The working principle of the system shown in Figure 2.8 for phase modulation can be
summarized as follows. Low coherent light from the SLED with a coherence length L. is
first sent via a 1x2 optical fiber coupler to a reference interferometer — the tunable FP
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filter. The reflected light from the FP filter is then split and coupled via several couplers
into multiple FP interferometer-based sensors. A FP configuration uses two mirrors (a
partial mirror and a second mirror, which can be either a partial or a complete mirror) to
form a cavity. The light waves reflected from the two mirrors of each FP sensor with a
cavity length of L will have a phase difference #=2konLs, where n is the refractive index
of the media, kg =274 is the free-space wave number and A is the free-space wavelength.
The measured parameters (such as temperature, pressure, chemical species, and etc.) can
induce a phase difference change #(t) in ¢, by changing either refractive index or
physical cavity length. The reflected light from each FP sensor is then coupled back to
the waveguide and sent to a photodetector. The tunable FP interferometer that has an
initial cavity length of L, can introduce another phase difference ¢=2konL,. When it is
path-matched to the FP sensors (L,=Ls) and the coherence length L. is much shorter than

L:and L, the output intensity received by each photodetector is [81]

| = A+ Beos[2k,n(L, — L, )] = A+Bcos(d, —,) = A+Bcos(@(®)),  (2.14)

whereA and B are the constants related to the mirror properties of the FP interferometer,
and ¢(t) is the differential phase between the reference interferometer and the sensing

interferometer.

In Eq. (2.14), one can define L, = x, + Ax(t), L, =L, + AL, where X, is the initial cavity

length of the FP filter, Lo is the initial cavity length of the FP sensor, and AL is the cavity

length change of the sensor. Substituting Eq. (2.13) into Eq. (2.14),it gives
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27zg,NNL?
Zo$QED’

4 g,NL® 1
+——| X, — Ly — AL + =2 V2+—V2j

VLV, sin(27f,t)

|« = A+Bcos (2.15)

It can be observed that the light intensity output is closely related to the comb

actuator’sstructural dimensions and applied voltages.

In order to obtain a large phase modulation depth, it can be observed from Eq. (2.15) that
the gap between the comb fingers has to be small, which was chosen to be 2 um due to
the limitation of normal lithography in MEMS fabrication. Also, Vy, and Vg should be
chosen to be as large as possible. However, if considering voltages are applied from a
low voltage oriented microcontroller, Vy is ideally set to be 3 V. And V¢ also needs to be
relatively small compared with Vy in order to satisfy the requirement of Eq. (2.13). The
required value of Vg for achieving a phase modulation depth of 7 (a typical value) can be
calculated from Eqg. (2.15), which is defined as V,. It is more desirable to have a smaller
V... In Figure 2.9, the influences of number of fingers N, beam length L and beam width b
on V, are shown. A longer beam length, a smaller beam width, and more comb fingers

will result in a smaller V.

69



700

(a)

< ™ N
(A) un abeyjoA Buiauqg reubis rews

2 300  Beam Length (micron)

Beam Width (micron)

(b)

500 pm

=350
—N =100

Beam Length
—N

®w R g g =S
S 8 8 8 & & & &

(A) 2A 38e)0A SUIALI(T [BUSIS [[EWS

2.6 2.8
Beam Width (um)

24

2.2

(©)

=2.5pum

Beam Width

W [} w — w; (=]
«~ - <

(A) 2A 93e)[0A Sunani( [eudis [[ewS

500 600 700
Beam Length (um)

400

300

70



Figure 2.9: (a) Dependence of AC driving voltage of V,onbeam length, beam width, and number
of comb fingers. (b) V,as a functional of beam width with a fixed beam length of 500 pm. (c)
V,as a functional of beam length with a fixed beam width of 2.5 m for different number of comb

fingers. (Vp=3V)

2.3.1.3 Optical modeling of the MEMS FP tunable filterfor wavelength tuning

The FP MEMS tunable filter can also be used to perform wavelength tuning for spectral
sensing. With the principles demonstrated in Section 2.2.2, changing the cavity length of
the FP interferometer by moving one of the mirrors can be used to tune the wavelength,

which will help obtain the spectrum of the sensor.

Wavelength tuning requires a high finesse FP tunable filter. This is different from the
phase modulation method mentioned above. Moreover, in order to have a large
wavelength tuning range, the fiber end-face should be set to be as close to the curved
mirror as possible.Because a curve mirror is adopted to enhance light reflection, it

renders a minimum cavity length of 15 um.

Because the fiber is bonded and fixed, when the curved mirror is driven at a frequency
much below the natural frequency of the system, the cavity length x can be expressed as

(from Eq. (2.8) and Eqg. (2.9))

LR LeNE
X= XO + K_ - XO + ZgEbg static ! (216)

S

wherexy is the initial cavity length of the FP filter.
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In contrast, when the curved mirror is driven at a natural frequency, the cavity length x

can be expressed as (from Eq. (2.13))

g NL
2gEb°

V2
X=X, +AX(t) = X, + LO

e U \%Sin(hf oI, (2.17)

Based on theoptical model of the FP interferometer [82], the transfer function of

reflection H, can be written as

(r,+r)> —4rr sinz(z/foZ nx)

H, = , (2.18)
@+rr)’ —4rr, sinz(zﬁ;Z nx)

wherer, is the reflectance for the amplitude at the fiber end face mirror, r, is the
reflectance for the amplitude at the curve mirror, Ao is the free-space wavelength. Note

that if the FP filter is operated in air, the reflection spectrum of the FPinterferometer

reaches minimum at dip wavelengths A, when i—”x: Mz (M is an integer). Thus, the
d

dip wavelength for low frequency modulationcan be written as

3
A, =%=/1'+ &NL

M gEW static * (2.19)

whereZis the initial dip wavelength without any applied voltage and A = % and M is an

integer.
Also the corresponding dip wavelength when the modulation is at the natural frequency

can be written as
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3
P S =
M gEb*M

2
v +\%+\%sin(2n £0]. (2.20)

Eq. (2.19)and Eq. (2.20) provide a theoretical prediction of the dip wavelength of the
tunable FP filter with respect to applied voltages when the modulation is at a low

frequency or at the natural frequency.

For low frequency wavelength tuning, to obtain a large wavelength tuning range,the gap
between the comb fingers needs to be small, which is set as 2 um.The initial dip
wavelength is set to be around 1300nm region, resulting M=23. The largest value of Vaiic
used in simulation is 5 V. The dependence of wavelength tuning range on number of
fingers N, beam length L and beam width b are shown in Figure 2.10. It can be observed
that, even for a low frequency tuning with a driving voltage of only 5 V, the wavelength
tuning range is still much larger than the capacitive membrane based tunable FP filter that

requires several tens of volts [88,89].
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Figure 2.10: (a) Dependence of wavelength tuning range at a low frequency on beam length,
beam width, and number of comb fingers. (b) Wavelength tuning range as a functional of beam
width with a fixed beam length of 500 pm. (c) Wavelength tuning range as a functional of beam
length with a fixed beam width of 2.5 pm for different number of comb fingers. (g =2 um, Vstic=

5V)

For wavelength tuning at the natural frequency, considering voltages are applied from a
low voltage oriented microcontroller, Vyis set to be 3 V and Vy is set to be 100 mV

(needed to be much smaller than Vy) for a typical case of simulation. The damping factor
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used here is 0.02, which can be obtained from the experiment to be discussed later in this
dissertation. The wavelength tuning range as a function of number of fingers N, beam
length L and beam width b is shown in Figure 2.11. It can be observed that the
modulation depth at the natural frequency is much larger than that operated at a low

frequency.
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Figure 2.11: (a) Dependence of wavelength tuning range at natural frequency on beam length,
beam widthand number of comb fingers. (b) Wavelength tuning range as a functional of beam
width with a fixed beam length of 500 pm. (c) Wavelength tuning range as a functional of beam
length with a fixed beam width of 2.5 m for different number of comb fingers. (g =2 um, V,= 3

V, Vg = 100 mV)

In summary, based on the parametric studies, there is a trade-off between the phase and
wavelength modulation depth and the working frequency (natural frequency). Both of the
modulation depth and natural frequency can be increased by applying a larger modulation
voltage or adding more comb fingers. However, for SOC integration, low voltage is much
preferred in power resource limited situations, and adding more fingers can only slightly
increase the natural frequency, according to Figure 2.7. On the other hand, increasing the
number of comb fingers will increase the error of Eq. (2.13), and will add more mass to
bring down the natural frequency. Moreover, adding more fingers will make the device

bulky and consume more power.
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2.3.1.4 Fabrication process and results

The fabrication process of the MEMS tunable filter is shown in Figure 2.12. It started
from a silicon-on-insulator (SOI) wafer with a p-typesilicon layer thickness of 25 um.
The contact metal pads were deposited by lift-off technology. Then deep reactive ion
etching (DRIE) was used to pattern the front side silicon layer. After using photoresist to
protect the front side pattern, the back side was etched by DRIE. Finally, the photoresist
was removed and the silicon dioxide was wet etched by buffered HF to release the comb
structure and open space for the fiber. The fabricated filter is shown in Figure 2.13(a) and
a scanning electron micrograph (SEM) of the close-up view of the FP cavity is shown in

Figure 2.13(b).
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Figure 2.12: Fabrication process of the FP MEMS tunable filter.
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Figure 2.13: (a) Microscopic image of the front side of the FP MEMS tunable filter and (b) SEM

image of the close-up view of the FP cavity.
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2.3.1.5 Performance of the MEMS tunable filter

Since the vibration system is operating at the natural frequency, it is important to study
the frequency response. The parameters of the comb actuator are fixed after

microfabrication, and the measured values are listed in Table 2.1.

Table 2.1: Structural and material parameters of the comb actuator

Parameter Value
€0 8.85x10™ F/m
N 120
L 540 pm
Ao 1310 nm
1 0.02"
E 169 GPa
b 1.95 um
g 2.56 um
h 25 um
Psilicon 2330 kg/m3
Sshuttle 20387 pm®
Sbeam 8424 pmz
Struss 975 umz
Xo 60 um
Lo 60 pm

" Calculated from experimental data

Frequency Response and Side Instability

First, it is important to study the frequency response. Based onEg. (2.10), the calculated

natural frequency is 2.49 kHz. The magnitude of the frequency response is given as
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The normalized experimental amplitude response of the comb actuator is compared with

6[=

that obtained with the analytical solution in Eq. (2.10), as shown in Figure 2.14. The
damping factor of the system is determined to be 0.02 from its frequency response.In this
very small damping environment, the theoretical natural frequency is comparable to the

experimental value of 2.45 kHz.
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Figure 2.14: Normalized amplitude response of the comb actuator.

Since the MEMS filter operates at the natural frequency and a large displacement is
introduced, side instability is an important issue needed to be considered. Besides
electrostatic forces along the vertical axis, there are also electrostatic forces pulling the

stator and rotor fingers together in horizontal axial direction, and the electrostatic force is
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(2.22)

Ideally the forces on both sides of the comb fingers should cancel each other, but when
the first derivative of the force becomes larger than the restoring spring constant, a side

instability of the comb drive occurs, which is bounded by

K > al:Iatteral — K — 2N6‘Oh(X0 +AX)V2

y equ 3
|, g

(2.23)

whereKy is the beam’s spring constant along y axis and Keq, IS the required smallest
spring constant to remain stable. When substituting Eq. (2.12) into Eqg. (2.23) and
assuming the filter works at the natural frequency with acceptable maximum voltages
input of V=3 V, Vg = 300 mV, one can obtain that Keq,=0.34N/m <<K,=3.13x10*N/m,
satisfying the requirement of Eq. (2.23). This means that the structure is robust against

side collapsing.
Phase Tuning Performance

To validate Eq. (2.15) for phase modulation, since A and B are constants that are difficult
to be determined experimentally, a special criteria is used to compare experimental and

analytical results. First, Eq. (2.15)can be simplified as

I(z) = A+ Bcos[Csin(7) + D], (2.24)
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I (z) will reach local minima or local maxima. An especially useful data point can be

obtained when C =7 In this case, the ditch and the hump of the output waveform will

. . 3 - .
have the same intensity, i.e., I(%): I(?ﬂ). The coefficient C can be experimentally

manipulated by applying appropriate voltages.

The normalized analytical

and

experimental output waveforms are plotted in Figure 2.15for C =z, where the ditch and

hump are obtained at the same intensity values. In the plot for the analytical waveforms,

the DC component is removed. Because the curved mirror of the FP cavity is not a

perfect mirror, some small reflection from the backing structure of the curved mirror can

introduce a little distortion to the waveform.
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Figure 2.15: Normalized analytical and measured experimental output waveforms at C= .

With the structural parameters determined after fabrication, the theoretically-predicted
phase modulation depth by the voltage applied can be obtained from Figure 2.16. It is
worth pointing out that to get a 7= phase shift, an opto-electro filter would demand at least
several volts, while this filter only requires an AC voltage as small as 0.075 V with a bias

voltage of 3V.
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Figure 2.16:Modulated phase versus driving voltage for different bias voltages (5 V and 3

V).(The dashed line indicates a complete 27 period.)

With this FP tunable filter in the multifunctional sensor platform, different kinds of phase

modulation and demodulation schemes [83,84] can be applied to achieve optical sensing.

Wavelength Tuning Performance

Based on Eq. (2.19) and Eg. (2.20), both low frequency and high frequency wavelength
tuning can be achieved. But in the absence of a high frequency OSA, the comparison of
simulation and experimental results are carried out in low frequency conditions. Due to
the DRIE process, the initial effective reflectivity of the curved mirror was rather low,
which was measured to be approximately 4%, the same as that of a cleaved fiber. In order
to get a much narrower full-width at half-maximum (FWHM) spectrum width as well as a
higher finesse, a 100 nm silver layer was sputtered to the curved mirror and a 8 nm silver

layer was sputtered to the cleaved fiber end face, resulting in a reflectivity of 90% for the
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curved mirror and 84% for the fiber end face. This greatly increased the finesse of the
filter from 0.17 to 13.5. Although a thicker silver layer can further enhance reflectivity,

severe optical loss due to metal absorption makes it difficult to achieve a better finesse.

There can be many dip wavelengths within the spectrum width. The wavelength
separation between adjacent reflection dips is referred as the free spectrum range (FSR).
In the experiment, the sweeping window was chosen when the voltage applied was
increased from O to 5V. Because the cavity length x is relatively small, the FSR is large
enough to ensure that only one dip wavelength shows up in the sweeping window during
each scan from 0 to 5 V. Without any voltage applied, the initial dip wavelength was
measured to be 1292.4 nm. As the voltage increases, the cavity length keeps increasing.
Because Ax << X,, FSR is nearly unchanged and the single dip wavelength can be swept
across the FSR, as shown in Figure 2.17. The envelope of the experimental data comes

from the SLED itself, and the simulation data assumes a Gaussian profile. The small dip

wavelength difference comes from the actual initial FP cavity length AL.
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Figure 2.17: Reflection spectrum of the MEMS FP tunable filter obtained by using an OSA,

compared with the analytical simulation of the spectrum.

With the structural parameters determined after fabrication, the theoretically-predicted

wavelength tuning range over the applied voltages is obtained in Figure 2.18.
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Figure 2.18: (a) Wavelength tuning range at a low modulation frequency and (b) wavelength

tuning range at the natural frequency for different bias voltages (5 V and 3 V) and AC driving

voltages (0-0.3 V).

Compared to membrane actuated FP filters, the comb drive actuated FP filter requires a

much smaller tuning voltage for achieving the same wavelength tuning range, which is
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much preferred in applications that require a low voltage and low power operation, such

as in wireless sensor networks (WSNSs).

In conclusion, the designed MEMS tunable FP filter, as a representative of opto-
mechanical modulators, is clearly demonstrated to possess the phase and wavelength
dual-tuning capability. Although the modulation speed is limited by the modulator’s
relatively low natural frequency of several kilohertz, the modulation depth, more than 6z
for phase and around 250 nm for wavelength, is very large due to the large physical

movement.

2.3.2 Electro-Optical modulator

Although opto-mechanical modulators can have a very large modulation range, the
relatively low speed of modulation limits its sampling rate for optical sensing. And the
mechanical movement will also introduce some instability to the system. In contrast,
electro-optical modulators possess a reliable high frequency modulation capability. With
the emerging technology of silicon photonics [55,90-92], a complementary metal-oxide-
semiconductor (CMQOS) compatible electro-optical modulator becomes more attractive
and applicable. Applying an electric field to the silicon can change its refractive index,
which can be accomplished at an extra high speed of GHz. Usually, a Mach-Zehnder
interferometer (MZ1) is used to modulate the phase due to its relative long optical paths
and a microring is used for wavelength tuning due to its sharp peaks/dips in the spectrum.
But these two types of systems are very different from their instinctive nature. In order to
obtain an electro-optical modulatorwith the dual-tuning capability, there are still a

number of issues need to be addressed.
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First, because a MZI based modulator is not a resonance based modulator, its wavelength
spectrum does not have sharp peaks/dips that can be used to tune the wavelength,
resulting a very poor wavelength tuning resolution. Moreover, even a MZI can be used
for phase modulation, the refractive index induced by a normal voltage supply (3V-5V) is
small, which would require a long length optical path (in the order of millimeters) to

achieve a  phase shift, and thus require a device of larger dimension.

Second, a microring based modulator will need to have a large diameter in order to obtain
a  phase change, resulting in a large optical loss that can significantly affect its quality
factor. Furthermore, since for the wavelength tuning, there is always a challenge to
enlarge the tuning range due to the limited FSR. With periodic filtering properties, the
FSR of a microring is inversely proportional to its diameter; the smaller the diameter, the
larger the FSR, and thus a possible larger wavelength tuning range. However, according
to the silicon photonics theory, shortening the length of the ring will also make the

wavelength tuning range smaller.

Third, since a MZI and a microring have completely different configurations, it would be
not be an ideal choice to integrate these two modulators onto the same chip in order to

satisfy the dual-tuning requirement, which is neither efficient nor cost effective.

Therefore, in this dissertation, a novel microring based modulator is designed and
investigated, which can achieve the dual-tuning capability and overcome the drawbacks

mentioned above.

2.3.2.1 Design and modeling of a microring based modulator for phase modulation
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Although microring structure has been used for light intensity modulation [55], light
delay [93], and optical sensing [94], no attempt has been made to use it for large phase
modulation.The challenge of using a microring for large phase modulation comes from
the required large ring size. By exploiting the slow light effect [95-98] in photonic
crystal waveguides, a low voltage silicon microring modulator that can achieve high

speed phase modulation in a compact structure is possible.

Photonic crystals are a class of artificial optical materials with periodic dielectric
structures, which have unusual optical properties. Photonic crystals now show great
potential to become a key platform for future optical integrated circuits. Due to the
unique properties of photonic crystals, the size of many optical components is anticipated
to be greatly reduced by employing photonic crystal waveguides. The extraordinary
dispersion of photonic crystal waveguide offers an unprecedented opportunity for
developing ultra-compact microring modulators. A typical dispersion relation for a
photonic crystal waveguide is shown in Figure 2.19 [99]. If the refractive index of the
waveguide core material, like silicon, varies by an amount of An, the dispersion curve
will shift vertically by an amount Awg. As theoretically explained by [100], for a fixed
frequency of light, the propagation constant ppc of photonic crystal waveguide changes as
ABpc=(dBpc /dw)Awmo, Which increases significantly whenever the group velocity dw/dBpc
approaches zero, for example, on the right most segment of the dispersion curve in
Figure 2.19. Such an extraordinary growth of APpc directly leads to a significant
enhancement of phase modulation efficiency because the phase change is related to the

change of propagation constant and waveguide length L as A¢g=APpc>d. The phase
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modulation can be easily enhanced by more than 100 times using a photonic crystal
waveguide. Therefore, a 100 times shorter photonic crystal waveguide can produce the

same phase change as a long conventional waveguide.
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Figure 2.19: Dispersion curve of a photonic crystal waveguide [99].

A short device length is a desirable feature for device performance considerations. In this
dissertation work, an optical modulator device is designed to have a short photonic
crystal waveguide of a few tens of microns in length, which promises a low propagation
loss. The power consumption of the modulator is also expected to be one to two orders of
magnitude lower compared to that without using the photonic crystal structure, owing to

the much shorter electrode length.

The schematic of the microring modulator with a photonic crystal waveguide structure is
shown in Figure 2.20. The ring employs a photonic crystal waveguide to realize the slow
light effect, rendering a large phase modulation depth with a much shorter optical path
length. The way to introduce the refractive index change An of the waveguide is to
implement the p-i-n diode structure, where current injection density will alter the

refractive index. The voltage modulation over the p-i-n structure will change a small
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fraction of the refractive index of the waveguide in the intrinsic region.With a proper
design of the structure parameters of the photonic crystal, light will propagate much
slowly (with a very large group index ng), and will stop at certain wavelength (with a zero
group velocity). Therefore, at certain wavelength range, with a small perturbation of

refractive index, the slow light effect will result in a large phase change.

Bus waveguide

p electrode

Evenly distributed
lattice holes
Intrinsic region
(photonic crystal ring structure)
(a)
N I P

/
'\

Buried oxide

N

Current injection
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Figure 2.20: (a) Schematic of a microring with photonic crystal waveguide structure for phase
modulation and (b) cross section view of the photonic crystal ring waveguide.
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In order to design a microring modulator working at the 1550 nm optic-
telecommunication wavelength, design parameters of the microring need to be
determined, which typically include lattice constant a, hole radius r, and line defect width

w, as shown in Figure 2.21.

v

Light
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Figure 2.21: Simulatedmicroring structure with a photonic crystal waveguide.

Parametric studies are performed by using Comsol simulations and the results are shown
in Figure 2.22. In the slow light region, the group velocity decreases and will eventually
become zero at certain wavelength, which is termed as stop wavelength in this
dissertation. At the stop wavelength, the light propagation eventually stops, introducing

an infinite phase change.
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Based on the results from parametric studies, in order to work in the wavelength of 1550
nm, with a radius of 160 nm, 437 nm lattice constant, and 700 nm defect line width, the
group index change as a function of wavelength is shown in Figure 2.23. The phase

change is then obtained as

\Y; .
Ap=AKL =Ky F AN L= (K Asirir | )y | (2.26)

material —— \"™0
g Ny

whereky is free space wave number, ANmaeriar 1S the refractive index change of waveguide

material, n4 is the phase index, ng is the group index and L is the length of waveguide.

According to the simulation results, the group index at 1550nm is 17.8, relatively large
and still maintaining a small optical loss. Given that the refractive index change by the
current injection can reach a typical value of 5x10™ at an input voltage of 3-5V, a phase
change of 4.6n can be achieved with a ring perimeter of 100 pum, which is large enough

for phase modulation.
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Figure 2.23:Group index change versus wavelength. The ring radius, lattice constant, and defect

line width are 160 nm, 437 nm,and 700 nm, respectively.
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The unique slow light feature of the photonic crystal renders a microring modulator with
a large phase modulation depth, which expands the applications of microring modulators
from intensity to phase modulation. This represents a novel implementation of photonic

crystal based microring modulators, which has not been attempted before.

2.3.2.2 Design and modeling of a microring modulator for wavelength tuning

Working principle and design

Although a microring can be used to change the wavelength for intensity modulation, but
its range is very limited, typically smaller than 2 nm [55]. Even when using a heating
method to enhance the tuning range, the range is still limited to be around 10nm with a
low speed [92].One good approach to solve this issue is to make use of the Vernier
effect [101,102] in which two cascaded microrings with different radii can expand the
FSR and depress the side lobes. The working principle is illustrated in Figure 2.24. Two
microrings with close diameters are serially connected with the same bus waveguide.
Although the FSR of the each individual microring, FSR; or FSRy, is small, if the quality
factors of the microrings are large enough, a much larger equivalent FSRye, (least
common multiple of FSR; and FSR;) can be obtainedat the output of these two rings.
The tuning principle is illustrated in Figure 2.24(b). For any desired tuning wavelength
Jtuned Within this FSRpey, it will always fall in one of the periods of FSR; and FSR,. Thus,
to obtain the required tuning wavelength, Microring 1 needs to tune A4; and Microring 2
needs to tune A4,. It can be proved that each tuning wavelength has its own unique
combination of A4; and AZ, due to the Vernier effect. Therefore, as long as the tuning

ranges of Microrings 1 and 2 are FSR; and FSRy, together they can be used to tune any
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wavelength within the much larger FSRpew. Assuming the voltage required to tune one
FSR i Vmicrorings for microring 1 and Vmicroring2for Microring 2, and wavelength tuning is

linearly related tothe voltage, the required voltage as a functional of tuningwavelength for

the entire FSRye is shown in Figure 2.25(c).
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Figure 2.24: (a) Schematic of the microring wavelength tuning. (b) Principle of Vernier effect. (c)

Required driving voltages for the two microrings to cover the much larger FSR.
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The device is designed on a silicon on insulator (SOI) wafer with a 0.25 pm top silicon
layer and a 2 pm buried oxide layer. The bus waveguide is designed to be 0.25 pm in
height and 0.5 pm in width, which can ensure single mode condition at around 1550
nm [103]. Based on finite-difference time-domain (FDTD) simulations (using
OpticFDTD software), with these geometric parameters, the effective index nes at around
1550 nm is ~2.55. Since the typical wavelength tuning range for a singlemicroring is
around 2 nm [55,104], a FSR; of 2 nm for Microring 1 and a FSR, of 2.1 nm for
Microring 2 will result in a FSRpey 0f 42 nm. For a single microring, as shown in Figure

2.25, the transfer function is given as [105]

2,2 2zn
T:'B +1°—24tcos( 5 AL) (2.27)

1+ B%? —Zﬁtcos(@AL),

wheref is the propagation coefficient in the ring waveguide, t is the transmission
coefficient in the bus waveguide, k is the coupling coefficient between the bus waveguide

and the ring waveguide, and AL is the perimeter of thering.

27
~ AL

ﬂ@ A

Figure 2.25: Schematic of the principle of a microring.
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Considering a desired tuning range of 1530~1570 nm, the radii of the two rings are

calculated from Eq. (2.27) as 68.210 pm and 73.052 pm.

Due to possible fabrication error tolerance, the initial peak may not appear near the
targeted 1530 nm starting wavelength, thus some small adjustments for the tuning voltage

need to be made.

With regard to the modulation speed, the sweeping frequency is related to the wavelength
sweeping resolution. According to Figure 2.24, for aFSRe, Of 42 nm, assuming the
modulation speed of a microring is 1 GHz, which can in fact be even higher, and 10000
segments are inserted into this wavelength range, the modulation speed can reach 100
kHz with a sweeping resolution of 4.2 pm. Such a resolution is comparable to that is
achievable with the state of the art commercial interrogator or spectrometer (such as

SM130 from Micron Optics) but with a much higher speed.

Parametric studies of the microring for a achieving high quality factor

Since the propagation loss is sensitive to the width of ring waveguide, and the gap
distance between the bus waveguide and ring waveguide affects the coupling ratio,
parametric studies are carried out to understand how these parameters will affect the
quality factor of a microring. A high quality factor is required to suppress the side lopes
and achieve sharp peaks in the spectrum. The parametric studies of the microring are

performed by using OpticFDTD.

With the widths of bus waveguide and ring waveguide both fixed at 0.5 jam, and a ring

radius of 68.21 pm, the influence of the gap to the transmission of a single microring is
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shown in Figure 2.26. From Eq. (2.27) it can be derived that when f=t and both g, t
approach to 1, a good quality factor can be obtained. This indicates that the coupling ratio
equals to the transmission loss, which is called “critically coupling”. The relation
between quality factor and gap distance is shown in Figure 2.27. As the gap distance
changes from 0.2 pm to 0.4 pm, the quality factor first increases then decreases. The
reason is that t increases as the gap distance increases and becomes very close to £ at a

gap distance of 0.25 pm, resulting a turning point of the quality factor.
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Figure 2.26: Influence of the gap distance to the transmission of a single microring. Widths of bus

waveguide and ring waveguideare both chosen to be 0.5 pm.
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Figure 2.27: Influence of gap distance onthe quality factor.

With the width of bus waveguide fixed at 0.5 pm, gap distance at 0.25 pm, ring radius at
68.21 pm, the influence of the width of ring waveguide to the transmission of the single
microring is shown in Figure 2.28. When the ring waveguide width is too small (e.g., 0.4
), as shown in Figure 2.28(a), the power loss becomes significant, rendering a very
small £ and a low quality factor of 458 around 1550 nm region. As the ring waveguide
width increases to 0.5 pm, a much larger f can be obtained, which greatly improves the
quality factor to 20129, as shown in Figure 2.28(b). When the ring waveguide width is
further increased to 0.6 pm, the quality factor degrades slightly to 19123, as shown in
Figure 2.28(c). The reason is that in this case, g is already larger than t, passing the
critical point. Since £ is already relatively large, increasing the width from 0.5 pm to 0.6

pm can hardly increase g further. As a result, the quality factor will slightly decrease.
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Moreover, the width of the ring waveguide cannot be increased too much otherwise

single mode transmission cannot be guaranteed.
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Figure 2.28: Influence of the ring waveguide width to the transmission of the single microring.

The width of bus waveguide and gap distance are fixed at 0.5 m and 0.25 pm, respectively.

According to the parametric studies, to obtain a good quality factor for a microring, it is
important to choose the parameters so that the critical coupling pointcan be achieved. The
desired design parameters are found to be the following: a ring radius of 68.21 jum, a bus
waveguide width of 0.5 pm, a ring waveguide width of 0.5 pm, and a gap distance of

0.25 pm.

In conclusion, the two-cascaded microring configuration can help achieve a large
wavelength tuning range, which is the main challenge faced by using a single microring.
Although microring structures have not been thoroughly studied for either phase
modulation or large wavelength tuning, with the help of photonic crystal and Vernier
effect, it is possible to design an electro-optical modulator that has the dual-tuning

capability, promising a huge potential in many sensing applications. The fabrication and
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experimental study of this electro-optical microring modulator will be carried out in the

future work.

Fabrication process of the electro-optical modulator

One of the advantages of optical sensor platform using electro-optical modulator is the
CMOS compatibility. Silicon modulator, photodiode and high speed circuit have been
successfully integrated by CMOS [76-78]. Although a silicon laser still remains a
challenge, epitaxial growth using other photon efficient semiconductor materials or
hybrid flip bonding can be used to overcome this issue, which is still much easier than
hybrid integration of an opto-mechanical modulator. Another advantage of using an
electro-optical modulator is being much more stable and reliable, since there is no

mechanical movement involved.

Although the microring modulator for phase and wavelength tuning employs two
different configurations, both configurations have the same fabrication process and are
CMOS compatible. As an example, the fabrication process of the silicon microring

modulator for phase tuning is shown in Figure 2.29.

106



Buried oxide

Silicon substrate

(a) p” and n” doping on a SOI wafer

-

Buried oxide

Silicon substrate

(b) Electrode deposition by Lift-off

ql’lﬂﬂﬂ ﬂﬂﬂﬂ

Buried oxide

Silicon substrate

(c) E-Beam lithography and RIE for photonic crystal

n p Si Si0,

Figure 2.29: Fabrication process of the silicon microring modulator for phase modulation.

The CMOS compatible fabrication process of the silicon microring modulator makes the
optical SOC integration much easier. Other components, such as light sources,
photodiodes, waveguide and couplers, can be integrated with this electro-optical
modulator in one batch fabrication process, even including the corresponding support
circuits. The development of the electro-optical modulator based optical sensor platform

will be carried out in the future work.

2.3.3 Comparison of the opto-mechanical and electro-optical modulators
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It is interesting to note that the advantages and disadvantages of opto-mechanical and
electro-optical modulators are opposite. An opto-mechanical modulator features a
mechanical movement, which is greatly limited in terms of modulation speed. However,
even a small mechanical movement can induce a significant phase or wavelength change.
By contrast, the modulation speed of an electro-optical modulator relies on electron
moving speed across a p-n or p-i-n junction, which is fast enough to get over GHz.
However, the phase or wavelength change relies on the small change of refractive index,

making it difficult to realize a large change to the phaseand wavelength.

However, unless a specific sensing application requires a really large modulation depth,
the modulation depth of an electro-optical modulator is still enough for most optical
sensing applications. Moreover, the silicon based electro-optical modulators are CMOS
compatible, which is an important feature to enable an optical SOC integration. While
opto-mechanical modulators are MEMS based and still encounter the difficulties of

CMOS integration [106].

2.4  Development of the optical sensor platform

Based on the sensing mechanism discussed in Chapter 2.2, by using the opto-mechanical

modulator developed in Chapter 2.3, a smart optical sensor platform is developed.

The multifunctional optical SOC sensor platform based on an opto-mechanical modulator
was developed through hybrid integration of several optical MEMS components. Optical
fibers were used as waveguides to couple light from (or into) the optical components. The

close-up images of the optical components are shown in Figure 2.30. A SLED chip
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(IPSDC1301, InphenixInc) was used as the light source (see Figure 2.30(a)), which can
emit a broadband light with a center wavelength of 1310 nm and a coherent length of 35
um.At an input current of 100 mA, the output power of the SLED chip can be up to 120
uW without using a thermal-electric cooler, which is sufficient to support at least three

optical sensors.

mirror

©)

Figure 2.30: Close-ups of key components of the optical SOC sensor platform: (a) fiber coupled
SLED chip, (b) tunable FP filter,and (c) photodiode (PD) coupled with a 45 “angled fiber.

A MEMStunable FP filter (see Figure 2.30(b)) used as an opto-mechanical modulator
was constructed by using a micro-fabricated curved mirrorand a well-cleaved single
mode fiber. The curved mirror was attached to an electrostatic comb drive actuator to
facilitate tuning of the cavity length of the FP filter with the initial cavity length designed
to be 60 um. The micromachined structures were fabricated by deep reactive ion etching
using a silicon-on-insulator wafer with a structural layer thickness of 25 um. The
effective reflectivity of the curved mirror was measured to be approximately 4%, yielding
a good visibility in the interferometric output. The resonant frequency of the structure
was measured to be 2.45 kHz. Since the comb drive was designed to modulate the cavity
length of the FP filter,in order to be able to use the phase demodulation scheme discussed
previously, a linear relationship between input voltages and mirror displacements is
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needed. However, in principle, the relationship between the displacement and the applied
actuation voltage of the comb drive is quadratic. At the resonant frequency, a DC bias
plus a relatively small AC modulation voltage was used so that a linear approximation
can be made. In the experiment, it was found that under a DC voltage of 3 V along with a
small magnitude sinusoidal voltage, the linear approximation of the comb drive response
with a precision of 99.8% could be obtained. To achieve a phase modulation depth of
3712, which is required by the digital phase demodulation scheme, the magnitude of the

sinusoidal voltage was set to be 0.06 V.

The optical detection was realized by using InGaAs photodiodes (DL-PD-300,
DenseLight Semiconductor) with a receiving diameter of 300 um and a responsivity of
0.9 A/W at 1310 nm. Light coupling into the photodiodes was achieved by using a fiber
with a polished 45° end face (see Figure 2.30(c)), which can steer the optical axis by 90
so that the light can be coupled to thereceiving area of the photodiode in a planar

configuration.

Although silicon or polymer based waveguides and couplers have been widely
investigated for on-chip integration [107,108], coupling loss and transmission loss are
still too large to be practical. Since optical fibers have been widely used as low loss
waveguides, here, all these optical components are connected by using single-mode
optical fibers and fiber couplers for wave guiding and light splitting. The optical
alignment was carried out by using high resolution stages under an optical profilometer

(TMS 1200, Polytech), and the fiber bonding was realized by applying UV adhesives.
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This kind of hybrid integration has the advantages of easy replacement of malfunctioned

components, simplified electric circuit integration for plug and play, and low optical loss.

2.5 Summary

In this chapter, a multifunctional optical sensor platform is first designed, to achieve two
sensing mechanisms for heterogeneous optical sensing. This is the first time that an
optical sensing system is designed to achieve both phase modulation for low coherence
interferometer based sensors and wavelength tuning for FBG sensors and other types of
sensors. Further, as the key component in such a sensor platform, two types of optical
modulators, namely an opto-mechanical modulator and an electro-optical modulator,
which can achieve dual-tuning capability (i.e., phase modulation and wavelength tuning),
are investigated. For the opto-mechanical modulator, a MEMS comb actuator based FP
tunable filter is developed and studied.Both the modeling and experimental results clearly
show that it possesses the phase and wavelength dual-tuning capability with a large range.
Although the modulation speed is limited by the relatively low natural frequency of the
modulator (several kilohertz), due to the physical movement, the achieved modulation
depths, more than 6z for phase modulation and around 250 nm for wavelength tuning, are
very large. For the electro-optical modulator, a microring with photonic crystal structure
for phase modulation and two cascaded microrings for wavelength tuning are proposed.
Compared to opto-mechanical modulator, electro-optical modulators can be used to
realize more reliable high frequency (above GHz) modulation. Through parametric studies,
optimal parameters for achieving dual-tuning capability are obtained. Furthermore, a
smart optical sensor platform based on the opto-mechanical modulator is developed by a
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hybrid integration of the optical components. While the platform based on the electro-
optical modulator is not developed in this work, it is proved to have a great potential for

CMOS integration in further work.
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Chapter 3 Optical Wireless Sensor Network Node: Development,

Implementation, and Analysis

3.1 Introduction

In this dissertation work, to achieve optical wireless sensor networks (WSNSs), an optical
wireless sensor node is developed by integrating the multifunctional optical sensor
platform with a conventional WSN module (e.g., Imote2 [109]).A sample architecture of
optical WSNs enabled by using the optical wireless sensor node is illustrated in Figure
3.1(a), in which each gate node is connected to a number of optical WSN nodes. The
optical WSN nodes will report the sensing information to a specific gate node according
to the pre-defined communication protocol, and the gate node embraces more power to
support wireless communication with the computer.As shown in Figure 3.1(b), each
optical sensor node has two functioning parts, a sensing module for data collection and a

WSN module for wireless communication and data processing.

."

Q ((‘-r’)) ©

O / ‘ Gate Node

‘ ____________ O Q Optical Sensor Node
(a)
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Figure 3.1: (a) Architecture of an optical WSN and (b) configuration of the optical WSN node. In

the configuration shown in (b), three sensors are included, which is a representative case.
3.2  Development of the optical WSN node

The sensing module of the optical WSN node includes the multifunctional optical SOC
sensor platform described in Chapter 2 and the associated electric circuit. The electric
circuit is important to ensure the performance of the multifunctional optical sensor
platform. A block diagram of the circuit is provided in Figure 3.2 and a fabricated circuit

board is shown in Figure 3.3.
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Figure 3.2:Block diagram of the support circuit for the multifunctional optical sensor platform.
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Figure 3.3:Photographs of the fabricated support circuit board.

This circuit includes a 100-mA constant current source for the SLED chip, high precision
photodiode amplifiers (OPA129, Texas Instruments) with an amplification gain of 10’
V/W, an analog-to-digital converter (ADC) integrated with a digital filter (QF4A512,
Quick Filter Technologies), and a small onboard microcontroller (MCU1, C8051F410,
Silicon Labs) for multiplex control and generation of the desired waveform for the
microelectromechanical systems (MEMS) tunable Fabry-Perot (FP) filter. The digital
sensing data are collected by the onboard microcontroller, which can communicate with
an upper level microprocessor (MCU2, PXA271FC5312, Intel) in the WSN module. For
the WSN module, Imote2 is chosen as the prototype module since it is a relatively mature

platform that has enough extension sockets for further functionality development. The
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overall size of the sensing module is 2"x1.8"x0.75", which has been carefully designed to
be able to interface with thelmote 2 WSN module. A fully integrated optical WSN node

is shown in Figure 3.4.

Optical
platform

>Sensing
module

WSN module
(Imote2)

Tunable filter

Figure 3.4: A fully integrated optical WSN node.

The sensor node is powered by using three rechargeable 800mAh 1.5 V batteries
(Eneloop AAA Ni-MH, Sanyo Inc.) connected in series. The optical WSN nodes can
enable an optical WSN, which can potentially pave the avenue for many new WSN

applications such as anti-EMI battlefield surveillance and harsh environment monitoring.
3.3  Implementation of the optical WSN node

Here, the gate node is the Imote2 interface board (11B2400), which provides two serial
ports interfacing over a USB connection to a terminal computer. One of the serial ports is

for sending commands or debugging usage, while the other is for data transmission.

At the computer terminal, a MATLAB GUI software interface is developed to send the

command to and retrieve the data from the gate node. Here, a simplified directed
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diffusion protocol [110] is used for collecting optical sensor data. After receiving a
command from the user interface, the gate node first broadcasts a message with a
command to the desired nodes. If it is responded, the gate node will collect the data and
send the data back for further data processing. The command/data communication
protocols between the sensor nodes are established by using the net embedded system C
(nesC) language [111] in a TinyOS [112], which is an open source operating system

specifically developed and used for WSNSs.

3.4  Power budget and life time analysis of the optical WSN node

The power budget is always a critical issue in WSNSs, which also applies to the optical
WSNSs. Through carefully evaluating the power budget for the optical WSN node, it is
found that when the sensor platform is operating at normal conditions and two optical
sensors are supported while doing tasks of sensing and data processing, and the measured
average current power consumption for different components in the optical WSN node is
summarized in Table 3.1. The power consumption at full operation status is 160 mW for
the optical platform and 280 mW for Imote2. With three 800mAh 1.5 V batteries and a
duty cycle of 1%, the life time of the optical sensor node is approximately 819 hours.
This integrated optical MEMS sensor platform consumes much less power than a large-
scale optical system comprised of discrete off-the-shelf optical components with much
complex and power-consumed circuits. It should be noted that a major power
consumption of the system comes from Imote2, which will have to be added to any WSN
nodes that implement Imote2. Compared to other WSN nodes based on
Imote2 [113,114], the power consumption of the optical WSN node is not significantly
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higher. However, this optical sensor platform renders a high performance optical sensing
system for simultaneous measurements of many parameters, including those cannot be
obtained by using conventional WSNs with electrical/mechanical sensing systems in a

low power operating condition, such as chemical or gas concentration measurement.

Table 3.1: Power consumption of components in optical WSN node

. . Current Power
Major Parts Quantity (MA)” (mW)”
SLED (IPSDC1301, InphenixInc) 1 100 90
MEMS tunable filter 1 2x10°° 6x10°°
Photodiodes (DL-PD-300, DenseLight) 2 5x10 2.5x10™
MCU1 (C8051F410, Silicon Labs) 1 127 307
ADC (QF4A512, Quick Filter Technologies) 1 10 30
Amplifier (OPA129, Texas Instruments) 2 2 4
MCU2 (PXA271FC5312@104MHz, Intel) 1 49 196
Radio (CC2420, Texas Instruments) 1 70 83

"The current and power values are experimentally determined unless specified.
Data obtained from chip specifications.

It can be observed that SLED consumed most of the power of the multifunctional
platform. To further reduce the power consumption of the SLED, the coupling loss from
the SLED to the optical fiberneeds to be reduced. This can be achieved by optimizing the
gap distance between the emitting area of the SLED and the end face of the receiving

fiber and applying reflective index matching gel to fill the gap.

3.5 Summary

An optical WSN is developed by integrating the smart multifunctional optical sensor
platform established in Chapter 2, a circuit is developed for supporting the smart platform.

The supporting circuit board can be used for multiple channel data acquisition,
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modulation control, and signal processing. With several optical WSN nodes, a simple
optical WSN can be established. Computer user interface software is also developed for
intelligent automation of sensing. Since resource is the biggest constraint for WSNSs, the
power budget and life time analysis are provided, which demonstrate that the optical
WSN node has a promising potential for long-term (up to 819 hours)high-performance

optical sensing in optical WSNSs.
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Chapter 4 Experimental Studies of Smart Optical Sensor Platform for

Heterogeneous Sensing in Optical Wireless Sensor Networks

The multifunctional optical sensor platform only employs a single optical system, but can
be used to interrogate different kinds of optical sensors through either phase modulation
for a low coherence interferometric configuration or wavelength tuning for spectrum
domain signal processing. This demonstrates the multifunctionality of this platform,
which is essential for heterogeneous sensing. In this chapter, the smart optical sensor
platform that makes use of an opto-mechanical modulator is investigated and

demonstrated for heterogeneous sensing.

4.1  Simultaneous interrogation of various FP sensors in a LCFOI

configuration: phase modulation and demodulation

To evaluate the performance of the optical wireless sensor networks (WSNSs) node, the
optical WSN node along with two fiber opticFabry-Perot (FP) sensors was used for
simultaneous pressure and temperature measurements. The interrogation was achieved

through phase modulation and demodulation.

4.1.1 Optical WSN nodewith a FP pressure sensor and a FP temperature sensor

121



Glass tube FP cavity

Fiber UV adhesive Diaphragm

Stainless steel tube FP cavity

~

Fiber UV adhesive Reflective layer

(b)

Figure 4.1: Schematics of the fiber optic sensors: (a) FP pressure sensor and (b) FP temperature

sensor.

The fiber-tip FP pressure sensor used in experiment was prepared by using the same
procedures developed in References [115,116]. As shown in Figure 4.1(a), the pressure
sensor consists of a polymer-metal composite diaphragm, a single-mode fiber, and a glass
tube. The glass tube acts as a housing structure to hold the diaphragm and to allow for the
insertion of the optical fiber. The fiber has a well-cleaved end-face, serving as a partial
mirror for the FP cavity; while the reflective diaphragm serves as another mirror. When
subjected to an applied pressure, the diaphragm deforms, which introduces a cavity

length change of the FP cavity, yielding an optical phase change. The fabricated pressure
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sensor has an outer diameter of only 360 pm and initial FP cavity length of 60 pm,

making it suitable for many applications that have constrained spaces.

The fiber optic FP temperature sensor was constructed by using two optical fibers
carefully aligned in a stainless tube to form a FP cavity, as illustrated in Figure 4.1(b).
One fiber was coated with a thin Cr/Ag layer at the end face to enhance the reflectivity,
severing as a complete mirror of the FP cavity. The other fiber was well cleaved to serve
as a partial mirror of the FP cavity. The fibers were bonded to the two ends of the tube by
using a high viscosity ultraviolet adhesive. As the temperature increases, the tube will
expand towards its two ends, which will increase the cavity length, while the thermal
expansion of the two fibers will result in a decrease in the cavity length. Therefore, a
large difference in the thermal expansion coefficients between the tube and fiber is
desirable. Thetype 304 stainless steel tube is chosen due to its large thermal expansion
coefficient (17.2 um/m/°C), which is significantly larger than that of the optical fibers
(0.5um/m/°C). A fully assembled sensor has a length of 18 mm, an inner diameter of 150
pm, and an outer diameter of 360 pm. The initial cavity length of the FP temperature

sensor was also chosen to be 60 pm to match the initial cavity length of the FP filter.

4.1.2 Experimental setup

The experimental arrangement is shown in Figure 4.2. The pressure sensor was placed in
a pressure chamber and the pressure inside the chamber was controlled by using a
pressure regulator (R-68825-08, Marsh Bellofram). Pressure calibration was achieved by
using a reference pressure sensor (LL-080-25A, Kulite Semiconductor Products) that was

placed close to the fiber optic pressure sensor to monitor the applied pressure. The data
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from both the reference pressure sensor was recorded by using a LABVIEW program.
The fiber optic temperature sensor was sandwiched between two polyimide-insulated
flexible heaters (Omega Engineering Inc., KH 103/10). The temperature control was
carried out by using a thermo controller (Omega Engineering Inc., CN77333). A
thermocouple (Omega Engineering Inc., CO1-K) was placed at the close vicinity of the
temperature sensor for calibration purpose. For both sensors, the output intensity was
obtained by using the optical WSN node, which was then sent wirelessly to the gate node
for further signal processing. The phase demodulation was carried out by using the

computer connected to the gate node.
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Figure 4.2:Experimental arrangement for characterization of optical WSN node with two sensors.

Figure 4.3 shows the experimental data simultaneously collected from the pressure sensor

and the temperature sensor by using the optical sensor node. As stated in Chapter 2, for
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each period of modulation voltage, four intensity data points are used for calculating one

phase value by using Eq. (2.3).
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Figure 4.3: Experimental data simultaneously collected from the temperature and pressure sensors.

4.1.3 Calibration results

For pressure measurements, it was found that the system can successfully perform both
static and dynamic pressure measurements. As can be seen in Figure 4.4(a), the static
sensor calibration curve exhibits a good linearity (with a nonlinearity error of less than
1.4%). Dynamic pressure measurements were carried out by introducing a sudden
pressure drop from 254 to 101 kPa in the pressure chamber through bursting of the rubber
diaphragm that was originally used to seal the chamber. In Figure 4.4(b), the transient
response of the fiber-tip pressure sensor is compared with that of the reference pressure
sensor. It can be observed that the fiber-tip sensor has a slower response (~150 ms),
which is much below the maximum frequency (~3 kHz) that can be measured by using

the optical sensor platform. This slow response is believed to be due to the visco-elastic
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property of polymer diaphragm [117]. These results indicate that the optical
microelectromechanical systems (MEMS) sensor platform can be used to effectively

interrogate a FP fiber optic pressure sensor in both static and dynamic measurements.
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Figure 4.4: Pressure measurement results obtained with the optical WSN node along with a fiber-
tip pressure sensor: (a) static response and (b) transient response (in phase (radian) unit)

compared to that obtained with a reference pressure sensor (in Pascal unit).
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For temperature measurements, as shown in Figure 4.5(a), the obtained optical phase
after unwrapping as a function of temperature exhibits good linearity with a nonlinearity
error of less than 0.46% over a temperature range of 25 <C to 49 <C. The hysteresis error
was found to be 0.39% during the heating and cooling cycles. Since the hysteresis is
small, the linear fitting curve was obtained from experimental data for both increasing
and decreasing temperature. The sensitivity of the FP temperature sensor was determined
as 3.21 rad/<C, which is a little larger than the predicted sensitivity of 2.78 rad/<C. The
predicted sensitivity was obtained by using the thermal expansion coefficient of the
stainless steel tube. The difference was believed to be due to the thermal expansion effect
of the UV adhesive applied on the two fibers, which tended to increase the cavity length
during the heating. Dynamic temperature measurement was also carried out, in which the
temperature sensor in a room temperature environment (25.6 °C) was dipped into a water
bath with a constant temperature of 30.0 °C. As shown in Figure 4.5(b), based on the
time response of the temperature measurement, a rise time of 406 ms for 90% of

temperature increase can be obtained.
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Figure 4.5: Temperature measurement results obtained with the temperature sensor: (a) static

calibration and (b) dynamic response.

4.2  Smart optical sensor platform with FP chemical sensor for chemical

sensing
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To further demonstrate the versatility of the multifunctional optical sensor platform for
interrogation of various optical sensors, chemical sensing with a fiber optic FP sensor is
demonstrated. The FP chemical sensor is based on measuring the chemical concentration
induced refractive index change, which will change the phase of the low coherence fiber
optic sensor system. This sensor can be used to measure different types of chemical
solutions. For proof-of-concept, measurement of glucose concentration is carried outin

this dissertation work.

The fiber optic chemical sensor was constructed by using two optical fibers carefully
aligned on top of a substrate to form a FP cavity, as illustrated in Figure 4.6. One fiber
was coated with a thin Cr/Ag layer at the end face to enhance the reflectivity while the
other fiber was well cleaved. The fibers with a diameter of 125 um were bonded to the
substrate by using a high viscosity ultraviolet adhesive. A reservoir was etched in the Si
substrate under the FP cavity to hold the chemical solution. Different chemical
concentrations can be related to specific refractive index changes in the solution. By
using the same FP interferometric principle, instead of changing the length of a FP cavity
as in the temperature sensor or pressure sensor, the ¢ in Eq. (2.1) will change in response
to the refractive index change of the chemical solution. Here, considering the refractive
index of the solvent as distilled water, the initial cavity length of the FP chemical sensor
was designed to be 44 pm to match the OPD of the light in the tunable FP filter, which

has its optical path in the air.
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Figure 4.6:Fiber optic FP chemical sensor: (a)schematic and (b) photograph of a fabricated sensor.

The entire sensor setup was fixed in a beaker that contained the glucose solution with an
initial weight concentration of 21%. The beaker was set on a water bath with a
temperature of 30 °C. The appropriate amount of distilled water was added to the glucose
solution to obtain different diluted concentrations. A magnetic spin bar with a spin speed
400 rpm was used to stir the solution to acquire a uniform temperature and glucose
solution concentration across the beaker. The time history of the measurement is shown
in Figure 4.7(a). At the beginning of the experiment, since the glucose concentration was
large and the distilled water added to dilute the solution was at the room temperature of
26.1 °C, it took some time for the solution to achieve a uniform concentration as well as a
uniform temperature. This explains the phase fluctuations observed during the first
several dilution steps shown in Figure 4.7(a). The glucose concentration calibration result

is shown in Figure 4.7(b), which exhibits a linearity of 99.91%.
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Figure 4.7: Glucose measurement results with a FP chemical sensor: (a) time response (data were
taken every 0.294 ms) and (b) calibration of the relationship between glucose weight

concentration and phase/refractive index.

131



4.3  Optical WSN node with multiplexed fiber Bragg grating sensors for

strain measurements: wavelength tuning

In the previous section, by using the smart SOC sensor platform, high performance
optical sensing with multiple FP sensors has been demonstrated in a low coherent
interferometric system configuration. In this section, the untapped potential of the smart
SOC multifunctional sensor platform for wavelength tuning is explored to study its
capability of interrogating multiplexed fiber Bragg grating (FBG) sensors, which is

essential for achieving high-density optical sensor networks.

To demonstrate this system’s capability for interrogation of multiplexed FBG sensors,
strain measurements with FBGs were carried out on an aluminum beam using a fiber
written with two FBG sensors with Bragg wavelengths of 1302 nm and 1322 nm. The

experimental arrangement is shown in Figure 4.8.
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Figure 4.8:Experimental setup for strain measurement using the optical WSN node with 2 FBG

sensors. SG1 and SG2 are two strain gauges used as references.

The fiber with two FBGs was mounted in an aluminum beam with a dimension of

300mm>25mm>2mm. One end of the beam was clamped and the other end was loaded
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with a weight ranging from 0 to 540 g to introduce a tensile stress to the beam. Two
strain gauges (SGD-1.5/120-LY11, Omega Inc) were also mounted near each FBG sensor

and used as reference sensors.

A triangular wave with a voltage from 0 V to 5 V was generated by using the
microcontroller to incrementally increase the voltage applied to the FP filter, so that dip
wavelength scanning across its operating range can be achieved. At each step of the
scanning, the optical power was acquired and stored. The scanning speed was 10 Hz and
the sampling rate for each scan was 2000 samples, rendering a sweep rate of 0.46 nm/ms
and a sweep resolution of 0.023nm. After each scan, the data was wirelessly transmitted
back to the gate node connected to a computer. Based on the demodulation method
described in Chapter 2, computer codes were developed to detect individual output signal

peaks and convert them into the corresponding Bragg wavelength of each FBG.

Because the SLED does not have a perfectly flat broadband, an additional step is needed
to normalize the output power by the envelope of the SLED power spectrum. First, before
connecting the FBGs with the optical sensor node, scanning of the MEMS tunable FP
filter was carried out and the optical power output was recorded by using the
photodetector as shown in Figure 4.9(a) (Data serial A). This step only needs to be done
once before any real measurements and data obtained can be stored for future use. After
connecting FBG sensors, another scanning of the MEMS FP filter was carried out and the
optical power output as a function of \/? was recorded, as shown in Figure 4.9(b) (Data

serial B). To normalize the optical power, data serial B was divided by data serial A,
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which resulted in a data serial with much better peak visibility, allowing for easy peak

detection, as shown in Figure 4.15(c).
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Figure 4.9: Photodetector output as a function of tuning voltage square: (a) signal recorded
without connecting FBG sensors, (b) signal recorded with FBG sensors before normalization, and

(c) normalized signal.

Using the pre-calibrated curve of Figure 4.10, the Bragg wavelength shifts of the two

FBG sensors as a function of the applied strain can be obtained, as shown in Figure 4.11.

The applied strains were calibrated by using the strain gauges.
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Figure 4.10: Bragg wavelength shift versus strain obtained with two FBG sensors.
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Figure 4.11: Bragg wavelength shift versus strain obtained with two FBG sensors.

As expected, a linear relationship can be observed in the results. These results
successfully demonstrate the capability of using the smart SOC optical sensor platform

for demodulation of multiplexed FBG sensors in an optical WSN.

It is noted that a high finesse (typically 100-1000) FP filter will help obtain a narrower
and sharper dip wavelength, and thus a better wavelength resolution can be achieved. A
higher finesse can be obtained by sputtering a thicker silver layer to the cleaved fiber end
face to enhance the reflectivity. However, this will result in a lower optical poweroutput,
and thus reduce the signal-to-noise ratio. As for the scanning speed, although only low
frequency scanning has been demonstrated in this work, the general method of
developing the smart SOC optical sensor platform is not limited to the low frequency
scenario. To operate at high frequency, a MEMS tunable FP filter with a larger resonant

frequency is required, which can be realized by increasing the stiffness of the MEMS
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structure. However, a larger voltage will be needed to achieve the same wavelength

tuning range.

4.4  Smart optical sensor platform with a FP pressure-temperature sensor

for simultaneous pressure and temperature sensing: wavelength tuning

To demonstrate the advantages of using optical WSNs for harsh environment monitoring,
the smart optical sensor platform with a FP pressure-temperature sensor for simultaneous
temperature and pressure sensing is presented, which has the potential to be applied in a

high temperature environment up to 1000 °C.

It is well known that, traditional electrical pressure sensors have many technological
limitations that greatly hinder their applications in harsh environments that have serious
EMI, fluctuated temperature, dangerous chemicals, or explosion matters. While for fiber
optic sensors, the advantages such as small size, light weight, intrinsically safe, immunity
to EMI, distributed and remote sensing capabilities make them very appropriate for long
term reliable pressure measurement in harsh environments. For this reason, many
pressure sensors have been developed based on fiber optic sensor technologies including
intensity-based sensors, FBG sensors, and FP sensors [10,118,119]. Among all these
sensors, a FP pressure sensor is the most widely used due to its simple structure and high

sensitivity [116,120,121].

Most fiber optic FP sensors employ a co-axial configuration, in which the FP cavity
shares the same optical axis with the optical fiber. A co-axial FP sensor is usually simple
in design and easy to construct, compared to a cross-axial FP sensor, in which the optical
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axis of the FP cavity is perpendicular to the axis of the optical fiber. However, a cross-
axial sensor is much easier to mount on a surface when the sensing diaphragm needs to
be aligned parallel to the substrate. This configuration is especially useful in measuring
static pressures without picking up dynamic pressures in the presence of surface

flows [122].

For pressure measurement in moderate to high temperature environments, material
selection can greatly impact the performanceof a pressure sensor. There have been a lot
of efforts on developing high temperature pressure sensors using silicon carbide (SiC)
material [123-125]. Although SiC can endure a very high temperature, with a melting
point of around 2700 °C, SiC based sensors usually exploit traditional piezoresistance
sensing method, which greatly reduces their working temperature range (below 500°C)

due to the large temperature sensitivity at a high temperature.

As temperature drift becomes an important issue for pressure sensor operating at a
moderate to high temperature environment, temperature compensation is needed, which
traditionally is achieved by using a temperature sensor to obtain the temperature
information and compensating the temperature drift in pressure calibration curve.
However, this adds complexity to the measurement system. Furthermore, simultaneous
measurements of temperature and pressure are frequently required in many applications.
For these reasons, there has been a great interest in developing miniature fiber-optic
sensors for simultaneous pressure and temperature. In some of these sensors, a membrane
based FP pressure sensor combined with a FBG temperature sensor has been employed
for simultaneous pressure and temperature measurement [126,127]. Some other sensors
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utilize dual all-fiber FP resonators with distinctive lengths, whichallow for spectrally

resolving the pressure and temperature induced FP cavity length changes [120].

In this dissertation, a silicon based FP sensor that employs the cross-axial configuration is
developed for simultaneous pressure and temperature sensing. Different from the
conventional FP pressure sensors, this sensor employs an air backed silicon membrane to
achieve a dual-cavity (air and silicon) structure, whose reflection spectrum will exhibit
two distinct frequencies resulted from the two cavities. The pressure and temperature
variations will change the two cavity lengths respectively, and thus change the reflection
spectrum. By performing a wavelength tuning with the multifunctional optical sensor
platform and carrying out proper data processing of the spectrum information, each
optical frequency component can be distinguished and monitored, and thus simultaneous
pressure and temperature sensing can be achieved. With proper packaging of the sensor,

it can also be operated in a high temperature environment.

4.4.1 Structure and working principle of the pressure-temperature sensor

The schematic of the sensor is shown in Figure 4.12, which is composed of a fiberwith 45
degree polished end face, a silicon housing structure, and a silicon sensing diaphragm.
There are two FP cavities in this structure, one of which is an air cavity formed between
the fiber top surface and the bottom surface of the membrane, and the other of which is a
silicon cavity formed by two surfaces of the silicon membrane itself. Because of the two
cavities, there will be two distinct frequency components in spectral fringes of the optical
spectrum, shown in Figure 4.13, which is obtained by using an optical interrogator

(SM130 from Micron Optics).
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Figure 4.12: Schematic ofa silicon based fiber optic pressure-temperature sensor.
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Figure 4.13:Spectrum of the pressure-temperature sensor recorded by using SM130.

The working principle of the sensor for pressure and temperature sensing by using
spectrum domain signal processing is elaborated as follows. For a single FP cavity, when
Fast Fourier Transform (FFT) is performed to the wave number spectrum [128], in the
FFT result, there will be a peak exhibiting at its OPD. As there are two connected cavities
in this sensor, three peaks will show up in the FFT result. The first peak is from the air
cavity, the second one is from the silicon cavity, and the third one is from the
combination of these two cavities, which are shown in Figure 4.14. Although the peaks
are corresponding to the OPDs of FP cavities, which can be directly used for further data
processing, in this dissertation work, “one peak tracing” method [129] is used to enhance

the resolution and accuracy of retrieving the OPDs.
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Figure 4.14:Schematic of FFT of the spectrum of the pressure-temperature sensor.

When there is an external pressure change, the membrane will deform, which will not
only alter the OPD in the air cavity but also that in the silicon membrane, due to the
change of the light incident angle to the silicon surface. For a relatively small
deformation, a linear relationship between the pressure change and OPDs in these two
cavities can be expected. When there are temperature fluctuations, considering the
thermal expansion effect, a linear relationship between the temperature and OPDs in the
two cavities can also be assumed. Within 20 psi of pressure and 300 °C of temperature

changes, these linear relationships can be expressed as

AOPD,, ] [A BJ[AP 4.1)
AOPD,,... | |C DI AT/

where AP is the external pressure change, AT is the temperature change, AOPDy;, is the
OPD change in the air cavity and AOPDygjjicon is the OPD change in the silicon membrane,
A, B, C, D are the constant coefficients. And for an FP cavity, the OPD is twice the cavity
length times the media refractive index.Theoretically, any two sets of measurements that
involve APandAT can be used to determine the values of A, B, C, D in Eq. (4.2). To make

the calibration easier, the temperature is fixed first and the pressure is changed to get the
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values of A and B, while fixing the pressure and changing the temperature is performed

to get the values of C and D. Then, Eq. (4.1) can be rewritten as

P| |A" B’ OPD,;, OPD,;,, P (4.2)
{T}_{C' D} OI:)Dsilicon - OF)Dsilicono ’ TO , .

where A’, B, C', D’ are the constant coefficients of the inversed matrix from Eq. (4.1), P
is the measured absolute pressure, Py is the original pressure when the fiber was bonded
with silicon structure (14.68 psi), T is the measured absolute temperature, Ty is the
original temperature when the fiber was bonded with silicon structure (26.1 °C), OPDg
is the absolute OPD of the air cavity, OPDyj is the original OPD of the air cavity after
bonding (134.06 pm), OPDsijicon IS the absolute OPD of the silicon cavity, and OPDsjjicono

is the original OPD of the silicon cavity after bonding (610.56 jm).

As long as the optical spectrum is obtained, the changes of the two OPDs in the two
cavities can be calculated, and subsequently the pressure and temperature change can be

predicted, thus simultaneous pressure and temperature sensingcan be achieved.

4.4.2 Modeling of the membrane structure for pressure sensing

For the convenience of optical alignment, the diaphragm is designed to have a rectangular
shape with a size of 2500um x 2500 pm. Finite element analysis simulations using
ANSYS™ are carried out to understand the various design parameters affect the pressure
sensing performance. Under one atmosphere pressure, the deflections as a function of
different diaphragm thicknesses are shown in Figure 4.15. Considering an application

scenario to be in a combustion chamber of high pressure, a thickness of 200 um is chosen
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to cover a wide pressure range up to 20 MPa, as shown in Figure 4.16. In this case, the
maximum diaphragm deflection is determined to be 3.36 um under a pressure of 20 MPa,

which is acceptable for the optical detection.
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Figure 4.15:Diaphragm deflection versus diaphragm thickness under 1 atmosphere pressure.
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Figure 4.16: Diaphragm deflection under different pressures. The diaphragm dimension is

2500pm x2500pum x200 pum.
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4.4.3 Sensor fabrication and integration

The fabrication process of the pressure-temperature sensor is illustrated in Figure 4.17.

(a) Thermal Oxidation (upper wafer)  (f) Thermal Oxidation (lower wafer)

T

(b) RIE back side SiO, -
(9) RIE wafer of fiber holder

(h) DRIE groove for the fiber

[ L]

(d) RIE front side SiO, /—ji

|

(e) DRIE Si for 140um (i) Remove SiO, and bond the wafers

|

(c) KOH etching 60um

Figure 4.17:Schematic of fabrication process for the pressure-temperature sensor.

For the upper wafer that forms the diaphragm, the first step is to carry out thermal
oxidation of Ium on a 4 inches wafer of 300 um, serving as both wet etching and dry
etching masks. After RIE SiO, to open the etching window, KOH is used to etch a flat
surface that is 60 um below the surface, obtaining the required cavity length. Etch front
side SiO, window by RIE and etch Si 140 umby DRIE to form the diaphragm. For the
lower wafer that serves as the fiber holder, thermal oxidation is performed first. Then

etch the SiO, window by RIE and etch Si 130 umby DRIE for a fiber that has diameter of
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125 pm. Finally, remove all the SiO, and proceed the Si to Si fusion bonding. The

fabricated sensor is shown in Figure 4.18.

(a) (b) (©)
Figure 4.18:(a) SEM image of the membrane, (b) SEM image of the groove on the side wall for

inserting the fiber, and (c) over all image of the sensor bonded with an optical fiber.

A polished 45° angled fiber is inserted into the groove of the silicon sensor under an
optical profilometer (TMS 1200, Polytech). A high temperature sealant is used to seal the
cavity and fix the fiber to the sensor. Here, a high temperature polymer epoxy is selected

for easy implementation and good high temperature performance up to 300 °C.

4.4.4 Calibration and evaluation of the pressure-temperature sensor with smart

optical sensor platform

Similar to the approach used in Chapter 4.3, before integrating the pressure-temperature
sensor with the optical sensor node, scanning of the MEMS tunable FP filter was carried
out and the optical power output was recorded by using the photodetector as shown in
Figure 4.19(a) (Data serial A). This step only needs to be done once before any real
measurements and data obtained can be stored for future use. After connecting the high
pressure-temperature sensor, another scanning of the MEMS FP filter was carried out and
the optical power output as a function of \/? was recorded, as shown in Figure 4.19(b)
(Data serial B). To normalize the optical power, data serial B was divided by data serial
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A, which resulted in a data serial with much better peak visibility, allowing for easy peak
detection, as shown in Figure 4.19(c). Due to the relative small quality factor of the
MEMS tunable filter, the resolution and visibility of the spectrum signal are not as good
as that obtained with SM130 in Figure 4.13. By using least square fitting and filtering, the
signal can be improved, as shown in Figure 4.19(d). Using the demodulation scheme
described in Section 4.4.1, the OPDs of the air cavity and silicon membrane can be
obtained and the corresponding cavity lengths are calculated for each scanning of

spectrum information in the calibration.
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Figure 4.19:Photodetector output as a function of tuning voltage square: (a) signal recorded
without connecting the sensor, (b) signal recorded with the sensor before normalization, (c)

normalized signal, and (d) least square fitted and filtered signal.

At a room temperature of 26.1°C, the static sensor calibration curvesfor pressure
measurement from the two cavities are shown in Figure 4.20. A conventional pressure
sensor (LL-080-35A, Kulite Semiconductor) was used as the reference. The internal
chamber pressure was controlled by using a pressure regulator (R-68825-08, Marsh
Bellofram), which has a pressure range of 1.7 to 60 psi. At the room pressure of 14.68 psi,
the calibration curves for temperature measurement from the two cavities are obtained
and shown in Figure 4.21. Temperature control was achieved by using a thermal
controller (CN77333, Omega Engineering Inc.), a thermocouple (CO1-K, Omega
Engineering Inc.), and two polyimide-insulated flexible heaters (KH 103/10, Omega
Engineering Inc.). The heaters were attached at the vicinity of the pressure-temperature

sensor to control the temperature locally.
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Figure 4.20:Pressure calibration results obtained with the optical WSN node along with the
pressure-temperature sensor at the room temperature: (a) air cavity length change versus pressure

and (b) silicon cavity length change versus pressure.
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Figure 4.21: Temperature calibration results of the pressure-temperature sensor: (a) silicon cavity
length change with temperature and (b) air cavity length change with temperature.

The size and thickness of the silicon membrane can be tailored to meet the requirements
of different targeted pressure and temperature ranges. At a wavelength of 1300 nm, the
refractive index of the silicon is 3.5. Based on the calibration results and the refractive
index of silicon, the coefficients 4°, B’, C’, D’ in Eq. (4.2) can be determined and Eq.
(4.2) can be written as
m:{—lm 1.30}{ OPDy;, }_[134.06}{14.68}_ (4.3)
T| |17.83 1.39|]|OPD,,., | |610.56| | 26.1
where the units of OPD, pressure P, and temperatureTare in m,psi, and °C, respectively.
By using this equation as a transfer function for the sensor, with the OPDs in the air and
silicon (determined through the above mentioned spectrum domain signal processing),
the measured pressure and temperaturecan be predicted. To validate this equation, four
sets of pressure and temperature changes were measured and the results are compared

with the reference values as shown in Table 4.1.
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Table 4.1: Comparison between the predicted changes and real values

Reference Value | Predicted Value | Variation

= 1 = 1 0
Set 1 AP= 3 psi AP=2.91 psi 1.72%
AT=25°C AT=24.51°C 1.97%

p— 1 p— ] 0
Set 2 AP= 6 psi AP=5.84 psi 2.64%
AT=50°C AT=48.45°C 3.10%

= 1 = 1 0
Set 3 AP= 9 psi AP= 8.69 psi 3.48%
AT=75°C AT=71.77°C 4.31%

f— 1 f— 1 0
Set 4 AP=12 psi AP=11.40 psi 4.98%
AT=100°C AT=94.87°C 5.13%

Based on these experimental results, the optical WSN with a FP sensor for simultaneous
temperature and pressure sensing by using wavelength tuning has been successfully
demonstrated. The differences between the reference values and the predicted values are
believed to be due to the following reasons. One reason is due to the low resolution (23
pm) of wavelength tuning, which will introduce systematic calibration error in the Eqg.
(4.3). The resolution is limited by the quality factor of the MEMS tunable filter, which
can be greatly improved by implementing an electro-optical modulator that has a much
higher quality factor for achieving a better wavelength tuning resolution and a much
faster speed [92,101,102,104]. The other reason is that as the pressure and temperature
become high, nonlinearity of the sensor needs to be considered, which will require a
nonlinear calibration method to obtain a nonlinear transfer function, which is beyond the
scope of this dissertation work. In addtion, the OPDs changes with respect to pressure
and temperature are not totally independent, which can again be addressed by adopting a
more appropreate sensor calibration model that counts for the crosstalk between pressure

and temperature induced changes.
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Because of the limitation of the polymer used to seal the pressure-temperature sensor, the
sensor was only tested at a temperature under 300 °C. In order to operate in a higher
temperature environment, other material selection for the sealant is needed. Although
cement epoxy can survive at a temperature as high as 1400°C, it is porous and thus
cannot be used to seal the cavity. A combination of cement and glass-ceramic epoxies
can be adopted, by using the cement to fix the fiber and then using glass-ceramic epoxy
to encapsulate the cement to seal the cavity, which will be implemented in the future
work. And it will exhibit the great potential of using such a pressure-temperature sensor

in a high temperature environment up to 1000 °C.

45 Summary

In this chapter, experimental studies on the optical WSN node and the smart optical
sensor platform based on the opto-mechanical modulator for interrogation of various
types of optical sensors are carried out. Based on the phase modulation method,
simultaneous interrogation of various FP sensors including pressure, strain, and chemical
sensing in a low coherence fiber-optic interferometry (LCFOI) configuration are
investigated. The experimental results demonstrate that the optical WSN node is capable
of wireless distributed sensing with multiple heterogeneous sensors. Furthermore, based
on the wavelength tuning method, interrogation of multiplexed FBG sensors for strain
sensing and a FP pressure-temperature sensor for simultaneous pressure and temperature
sensing by using the optical WSN are also studied, which demonstrates the system’s
capability for heterogeneous sensing with different optical sensing mechanisms. Owing
to the dual-tuning sensing capability that successfully implemented in the smart platform,
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the optical WSN node is expected to impact many application territoriesincluding harsh
environment monitoring. Although the current optical WSN node employs an opto-
mechanical modulator, the concept of heterogeneous sensing with optical WSNs
promises even greater potential when a CMOS compatible, high frequencyelectro-opto

modulator is used.
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Chapter 5 Summary

5.1 Summary of the dissertation work

Wireless sensor networks (WSNs) have been widely used in different kinds of sensing
applications, including habitat surveillance, healthcare monitoring, and home automation.
Most conventional WSN nodes, particularly those used in commercialized products, rely
on electrical or mechanical sensing principles. The electrical or mechanical sensors used
in these WSN nodes are susceptible to electromagnetic interference (EMI) and these
sensors can hardly be operated in harsh environments. In addition, as more sensors are
included in the WSN node, more corresponding electric control circuits will need to be
added to support their functionalities, which results in high power consumption and

increased system complexity.

By using optical sensing systems, one can overcome the above-mentioned problems.
However, integrating an optical system into a WSN node still remains a challenge, which
requires a system-on-a-chip (SOC) fabrication of the optical system. To take advantage
of complementary metal-oxide-semiconductor (CMOS) semiconductor technology,
silicon will become the major material for making optical components. In the area of
silicon photonics, a lot of research has been done in order to achieve optical
communications over gigahertz. However, there has hardly been any attempt made to
utilize these technologies for high performance optical sensing, which has different

requirements than those for optical communications.
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Moreover, many traditional optical sensing systems are either based on phase modulation
or wavelength tuning, which can be used to retrieve the sensing information. Currently,
these two sensing mechanisms are separately used in different optical systems. If both
sensing mechanisms can be implemented by using a single optical system, heterogeneous
sensing can be accomplished, which will greatly expand the capability of the optical

sensing system and render it much more sensing applications.

In this dissertation work, the aim has been to develop an optical WSN node that features
a multifunctional optical SOC platform for high performance heterogeneous sensing in
high density optical WSNs. The original contributions of this dissertation work are

summarized as follows.

Contribution 1:A smart multifunctional optical system-on-a-chip sensor platform
for heterogeneous sensing has been developed for the first time. Owing to its unique
phase and wavelength dual-tuning capability, the SOC platform can be used to
interrogate not only phase modulated sensors, such as Fabry-Perot (FP) interferometer
based sensors, but also wavelength modulated sensors, such as multiplexed fiber Bragg
grating (FBG) sensors. In this work, the sensing mechanisms, phase modulation and
demodulation in time domain and wavelength tuning in spectrum domain have been
thoroughly investigated. Further, implementation of two types of optical modulators, the
opto-mechanical and electro-optical modulators, on such a platform has been explored.
Moreover, a smart optical SOC sensor platform based on an opto-mechanical modulator
has been developed through hybrid integration. In addition, by using this platform with
different optical sensors, including various FP sensors and FBG sensors, for
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heterogeneous sensing have been successfully demonstrated throughextensive

experimental studies.

Contribution 2:A novel optical WSN node has been developed for enabling optical
WSNs. The optical WSN nodeis developed by integrating the optical SOC sensor
platform, support circuit developed for providing power supply, signal amplification, data
acquisition and processing, and a WSN module. With many of these optical WSN nodes,
high density, heterogeneous optical sensor networks for various applications including
sensing in harsh environments become possible. Experimental studies show that, by using
the developed optical WSN node, distributed heterogeneous optical sensing can be
achieved with at least two channels of optical sensors. In addition, the power budget
analysis indicates that even with a high performance optical sensing system onboard, this
optical WSN node still represents a sustainable system that is capable of long time

operation up to 819 hours.

Contribution 3: Enhanced understanding of the multifunctional optical sensor
platform that exploits a comb actuated opto-mechanical modulator has been
achieved.As a representative ofopto-mechanical modulators, a microelectromechanical
systems (MEMS) FP tunable filter has been designed, developed, and extensively
investigated for both phase modulation and wavelength tuning. Parametric studies have
been carried out to achieve an understanding of how the geometric design parameters
affect the modulation range and tuning speed. The studies have shown that there is a

trade-off between the modulation depth and tuning speed. While the large modulation
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range is the greatest advantage of this opto-mechanical modulator, the modulation speed

is inevitably limited by the nature of mechanical motion.

Contribution 4: Novel silicon electro-optical microring modulators for optical phase
and wavelength tuning have beendesigned and investigated. Two types of electro-
optical modulators based on mirroring structures have been designed and investigated.
The first modulator employs a photonic crystal waveguide in a microring structure.
Owing to the unique slow light feature of the photonic crystal waveguide, a large phase
change can be achieved within a very short waveguide, and thusphase modulation with a
large modulation depth is made possible for the first time. Furthermore, another
modulator making use of two cascaded microrings has been designed for high speed and
large range wavelength tuning. Owing to the Vernier effect offered by the cascaded
microring structure, the wavelength tuning range can be greatly extended. A high quality
factor is the key to accomplish this scheme, and this aspect has been numerically
investigated. Analytical and numerical studies have shown great promise of using these

modulators in various sensing applications.

Contribution 5: A novel cross-axial two-cavity optical pressure-temperature sensor
has been developed for simultaneous pressure and temperature sensing.Across-axial
pressure sensor is much easier to mount on a surface when the sensing diaphragm needs
to be aligned parallel to the substrate, which is useful in measuring static pressures
without picking up dynamic pressures in the presence of surface flows. A unique two-
cavity structure has been employed for both temperature and pressure sensing without
adding another temperature sensor for temperature drift compensation. This sensor can be
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used in a moderate to high temperature environment, which demonstrates the potential of

using the smart optical WSN sensor node for sensing in a harsh environment.

With above-mentioned contributions, there are also some limitations of the work. First,
for the opto-mechanical modulator, although it can strike a balance between modulation
depth and frequency within certain range, the mechanical movement induced low natural
frequency constrains the modulation frequency below 10 kHz, making it hard for high
frequency applications. Second, for the photonic crystal based microring modulator, there
is a trade-off between phase modulation range and optical transmission loss, and the steep
stop wavelength limits the bandwidth of the broadband light source as well. Third, for the
cascaded microring modulator, a very high quality factor of larger than 10000 is required,
which is very sensitive to the fabrication error. And the microring is also very sensitive to
the temperature, which may need a cooling system as a supplement. Fourth, for the opto-
mechanical modulator based multifunctional optical SOC platform, the hybrid integration
not only results a relatively large dimension, but also increases the difficulty for
alignments of fibers with optical components. This can be addressed by implementing the
CMOS compatible electro-optical modulator, which has the full potential of integrating a
whole optical system. Fifth, for the optical WSN sensor node, although possessing a high
performance, the power consumption is still relatively high for a long term operation of
more than half a year. With future CMOS optical SOC integration and miniature cooling

system applied, the need of power will be dramatically reduced.

5.2 Future work
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Respecting the limitations mentioned, as extension of this dissertation work, future work

IS suggested as follows.

1)

2)

Fabrication and characterization of the electro-optical microring
modulators. In this dissertation work, design and parametric studies the
microring modulators have been performed. In future work, the fabrication of
the modulators will be carried out and a test bench will be established.E-beam
lithography will be used to expose the nano scale features and doping recipe
will be tested for the required current density of electro-optical modulation.
As for the characterization of microring with photonic crystal for phase
modulation, both modulation depth and frequency will be tested. As for the
characterization of two cascaded microrings for wavelength tuning, the
voltages applied to the two rings need to be calibrated to determine the
wavelength to be tuned.

CMOS integration of the smart optical sensor platform with very-large-
scale integration (VLSI) circuit. Since the electro-optical modulator is
CMOS compatible, a totally CMOS integrated optical SOC is achievable with
a VLSI circuit that provides supports for all the optical components. The
difficulty of such an optical SOC CMOS integration remains in the integration
of a silicon laser, which is not intrinsically an efficient light source. But a flip
chip hybrid integration of I11-V type of light source may provide another

solution to this issue.
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3)

4)

Demonstration of pressure-temperature sensor at temperatures above
300 °C.With a proper selection of sealant for the pressure sensor, it can be
used in an environment that has a much higher temperature. Cement is used
first to fix the fiber at room temperature and glass solution is then applied on
top of the cement at room temperature and cured at 1000 °Cto seal the whole
cavity. In order to be used in a combustion chamber, the pressure-temperature
sensor needs to be properly mounted on the wall of the chamber, and the fiber
also needs to be properly secured to reduce the stress introduced in a high
temperature environment. In terms of interrogation method, when the
measured pressure frequency is low, wavelength tuning would be a good
option to achieve a simultaneous pressure and temperature sensing. However,
if the pressure frequency is high, phase modulation is the only solution for the
opto-mechanical modulator based optical SOC.When the electro-optical
microring modulator is implemented, a much better resolution and sensing
speed can still be achieved for the pressure-temperature sensor using
wavelength tuning.

Optical WSNs with energy harvesting capability. WSNs are mainly used
for applications where power is very limited. Although a CMOS integrated
smart optical sensor platform will reduce its requirement for power, using
battery power will always face the problem of changing batteries. To solve
this problem, adopting on chip power harness can be a solution. Since a

CMOS chip will only demand a small portion of power, absorbing power
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from the environment will not only satisfy the power need but also make the

system become long term sustainable.
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Appendix A: Matlab codes

a1 Matlab codes for opto-mechanical modulator model

File name: Combdrivefrequencyresponse.m

$Dynamics of Comb Drive

o

fo = 2500; % Resonance frequency;
dl = 0.2*107-6; % Sensor cavity length change;
cd = 0; % Sensor and reference cavity length difference;

Y = 169*%1079; % Si Young's modulus;
dens = 2.33*1073; % Si density;

Eo = 8.85*10"(-12);
N = 120; % Number of comb drive fingers;
t = 25%107-6; % Finger thickness;

1lb = 540*10"-6; % Length of beam;
bw = 2.5*10%-6; % Width of beam;
Ib = (t*bw”3)/12; % Inertia moment;

Vb = 3; % Bias voltage;

Vs = 0.2; % AC voltage amplititude;

lambda = 1310*10"(-9);

df = 0.02; % Damping factor of comb drive;

Ko 2*Y*t*bw"3/ (1b”3); % Effective spring constant;
%Ko 0.4021;

ctc = 5*107-6;

a = 2.2*¥10%-6; % Finger width

g (ctc-a); % Finger gap;

11 = 19*107-6; %the length of movable comb finger

12 = 500*10"-6; %the estimated length of connecting frame for comb drive
13 = 500*107-6; %the estimated length of each truss

S1 = N*1ll*a; %total area of the movable comb fingers

S2 = 2550*3.66* (10"-12)+500*%4.15* (107-12); % area of the supporting frame
S3 = 1400*(107-6)*2.44* (10"-6); S%estimated area of the connecting frame
Scomb = S1+S2+S3; %$total area of the movable central parts

Sbeam = 8*1lb*bw*54/56; %area of the folded beams on each side

Struss = 13*bw; %m”"2, area of each truss

Stotal = (Scomb + 12/35*Sbeam + 1/4*Struss);
Meff = dens*t*Stotal;

A = 4*pi*Eo*N*t*Vb*Vs/lambda/df/Ko/g;
phi = -

4*pi*dl/lambda+4*pi/lambda*cd+4*pi/lambda* (Eo*N*t*Vb*Vb/g/Ko+Eo*N*t*Vs*Vs/g/Ko/
2);

fr = 1/2/pi*sqrt (Ko/Meff) ;

oe

Output of the whole system
= 0:0.001:6.28;
= cos (A*sin (x)+phi) ;

ol
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plot(x,P), axis ([0 6.28 -1 11])

)

% Frequency response

omiga = 0:0.001:4;

F = 2*Vb*Vs*N*t*Eo/g;

tt = F/Ko./sqrt((l-omiga.”2)."2+ (2*df*omiga) .”2);
tt =tt/tt(1);

ampl = 10*loglO(tt);

plot (omiga, ampl)

File name: CombdriveParametricstudy.m
clear

$Dynamics of Comb Drive

oo

% fo = 2500; % Resonance frequency;
dl = 0.4*%10"-6; % Sensor cavity length change;
cd = 0; % Sensor and reference cavity length difference;

Y = 169*1079; % Si Young's modulus;
dens = 2.33*1073; % Si density;

Eo = 8.85*10"(-12);
= 50; % Number of comb drive fingers;
= 25*10"-6; % Finger thickness;
(t*bw.”3)/12; % Inertia moment;
% Bias voltage;
0.075; % AC voltage amplititude;
ambda = 1310*10"(-9);
df = 0.02; % Damping factor of comb drive;

oo < oot =Z
o
1
I w |

%Ko = 0.4021;

g = 2*10%-6; % Finger gap;

% 11 = 19%10"-6; S%the length of movable comb finger

% 12 = 500*10"-6; %the estimated length of connecting frame for comb drive
13 = 500*10"-6; %the estimated length of each truss

% S1 = N*1l*a; %total area of the movable comb fingers

S2 = 2550*3.66* (10"-12)+500*%4.15* (107-12); % area of the supporting frame

S3 = 1400*(107-6)*2.44* (10"-6); S%estimated area of the connecting frame

o\

Scomb = S1+S2+S3; $total area of the movable central parts
Sbeam = 8*1b.*bw*54/56; %area of the folded beams on each side
Struss = 13*bw; %m"2, area of each truss

o

o

Stotal = (20387*107-12 + 12/35*8424*107-12 + 1/4*975*10"-12);
Meff = dens*t*Stotal;

Modep = pi;

o\

A = 4*pi*Eo*N*t*Vb*Vs/lambda/df/Ko/g;
Ko 2*Y*t* (bw.”3./(1b.”3); % Effective spring constant;
fr 1/2/pi*sqrt (Ko/Meff) ;

oe

o\

1b = (300:10:700)*10%-6; % Length of beam;
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bw = (2:0.05:3)*10"-6; % Width of beam;
[xx,yy] = meshgrid(lb, bw);
Vs = Modep*lambda*df*g*Y/ (2*pi) /Eo/N/Vb* (yy.”3) ./ (xx."3);

figure (1)

surf (xx*1076, yy*1076, Vs);shading flat; hold on

N=100;Vs = Modep*lambda*df*g*Y/ (2*pi) /Eo/N/Vb* (yy."3) ./ (xx.”3) ;surf (xx*10"6,
yy*1076, Vs);shading flat; hold on

N=150;Vs = Modep*lambda*df*g*Y/ (2*pi) /Eo/N/Vb* (yy."3) ./ (xx.”3) ;surf (xx*10"6,
yy*107°6, Vs);shading flat; hold off

figure (2)

N=50;fo = 1/(2*pi)*sqrt (2*Y*t/ (dens*t) ./ (N*20*3*10"-
12+8S2+S83+12/35*8*xx.*yy*54/56+1/4*13*yy) .*yy. 3./ (xx.73));surf (xx*10"6, yy*10"6,
fo); shading flat;holdon

N=100;fo = 1/(2*pi)*sqgrt (2*Y*t/ (dens*t) ./ (N*20*3*10"-
12+82+S3+12/35*8*xx.*yy*54/56+1/4*13*yy) . *yy." 3./ (xx.73)) ;surf (xx*10%6, yy*10°6,
fo); shading flat;holdon

N=150;fo = 1/ (2*pi) *sqrt (2*Y*t/ (dens*t) ./ (N*20*3*10"—

12+452+483+12/35%8%xx. *yy*54/5641/4%13%yy) . *yy. 3./ (xx.~3)) ;surf (xx*10%6, yy*10°6,
fo); shading flat;holdoff

figure (3)

N=50;lamda = 25*Eo*N.* (xx."3)/g/Y/23./(yy."3);surf (xx*10%6, yy*1076,

lamda*1079); shading flat;holdon

N=100;lamda = 25*Eo*N.* (xx."3)/g/Y/23./(yy."3) ;surf (xx*10%6, yy*10"6,
lamda*1079); shading flat;holdon

N=150;lamda = 25*Eo*N.* (xx."3)/g/Y/23./(yy."3) ;surf (xx*10%6, yy*10"6,
lamda*1079); shading flat;holdoff

figure (4)

N=50;lamda = 3*0.1/0.02*Eo*N.* (xx."3)/g/Y/24./ (yy."3);surf (xx*10"6, yy*1076,
lamda*1079); shading flat;holdon

N=100;lamda = 3*0.1/0.02*E0o*N.* (xx."3)/g/Y/24./ (yy."3) ;surf (xx*10%6, yy*10"6,
lamda*1079); shading flat;holdon

N=150;lamda = 3*0.1/0.02*E0o*N.* (xx."3)/g/Y/24./ (yy."3) ;surf (xx*10%6, yy*10"6,
lamda*1079); shading flat;holdoff
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Appendix B: List of Publications

Journal Publications

1. C. Pang, M. Yu, A.K. Gupta and M. Bryden, “Multifunctional optical MEMS sensor
platform with heterogeneous fiber optic Fabry-Perot sensors for wireless sensor
networks,”Smart Structures and Systems, accepted.

2. C. Pang, M. Yu, X.M. Zhang, A.K. Gupta and M. Bryden, “Investigation of smart
multifunctional optical sensor platform and its application in optical sensor networks,”
Sensors and Actuators A-Physical 188, 471-480 (2012).

3. X.M. Zhang, Y.X. Liu, H.Bae, C. Pang,M. Yu, “Phase modulation with
micromachined resonant mirrors for low-coherence fiber-tip pressure sensors", Optics

Expressl7, 23965-23974 (2009).

Conference Proceedings

1. C. Pang, M. Yu, X.M. Zhang, A.K. Gupta and M.Bryden, “Multifunctional Optical
MEMS Sensor Platform for Wireless Optical Sensor Networks”, The 16th
International Conference on Solid-State Sensors, Actuators and Microsystems

(Transducers 11), Beijing, China, 2011
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