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INTRODUCTION

This chapter discusses fiber optic and integrated optic sensor concepts. Unfortunately,
there is no standard method to categorize these sensor concepts. Here, fiber optic and in-
tegrated optic sensor concepts will be categorized by the primary modulation technique.
These modulation techniques have been classified as: intensity, phase, wavelength, po-
larization, and time/frequency modulation [1],[2],[3],[4]. All modulate the output light
with respect to changes in the physical or chemical property to be measured. Each pri-
mary modulation technique is then divided into fiber optic and integrated optic sections
which are treated independently. For each sensor concept, possible sensor applications
are discussed. The sensors and references discussed are not exhaustive, but sufficient to
give the reader an overview of sensor concepts developed to date. Sensor multiplexing
techniques [5] such as wavelength division, time division, and frequency division will not

be discussed as they are beyond the scope of this chapter.



1.1 Intensity Modulation - Sensor Concepts

Intensity-modulated sensors vary the output light intensity with respect to the measur-
and. This scheme was employed in the earliest optical sensors because of its simplicity,
reliability, and low cost. However, intensity-modulated sensors are susceptible to drift
caused by source intensity variations, variable losses in fibers and connectors, and sensi-
tivity changes of the detectors [3], [4]. Thus, a referencing technique is needed to avoid

signal corruption. Three referencing techniques will be discussed.

Referencing

A simple referencing technique sends part of the source light to the sensor and the rest is
used as a reference. Each part is directed to a unique detector. Source output variations
can be eliminated by dividing the sensor signal by the reference signal. However, intensity
fluctuations due to coupling loss variations and detector drift are not compensated for
when using this scheme. To do so requires two distinguishable return channels from the
sensor (3], which the next two techniques possess.

The second referencing scheme can be used only if both the fiber loss and detector
sensitivity are not significantly wavelength dependent. This is a two wavelength scheme in
which one wavelength carries the sensor information while the other carries the reference
signal. As both wavelengths traverse the same path, the ratio of the two detected signals
provides a link-insensitive output [6].

The third referencing technique discussed is a balanced bridge as illustrated in Figure
1-1 [6]. Two similar sources operating at the same wavelength are used; one modulated
at a lower frequency (~1 kHz) and the other at a higher frequency (~10 kHz). The
output of each source is connected to an optical fiber and directed to the bridge network
which includes the intensity-modulating sensor. Two fibers carry the bridge output to
- separate detectors. After filtering, four output signals are detected. These signals are



used to determine the sensor intensity modulation which is expressed by [6]
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Figure 1-1: Single-wavelength referencing scheme using balanced bridge configuration.

1.1.1 Fiber Optic Sensor Concepts - Intensity Modulation

There are several types of intensity-modulated sensing concepts incorporating optical
fibers. Multimode fibers or fiber bundles are more commonly used for this type of sensor.
Three fiber optic sensor concepts utilize transmission, loss, and reflection [1]. All of these

concepts will be discussed below in more detail.

Transmission Concept

The transmissive sensor varies the transmitted light intensity in a predictable manner
relative to the sensed parameter. Pressure, force, displacement, and acceleration can be

detected using this concept.
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Figure 1-2: Fiber optic hydrophone.

One transmissive sensor detects radial displacement and is shown in Figure 1-2. Two
multi-mode fibers are polished at an angle with respect to the fiber axis. Both fibers
are in a frustrated total internal reflection (FTIR) configuration. Hence, light is coupled
between the two fibers only when they are in close proximity with each other. The
transmitted intensity is dependent on the distance between the fibers, thus producing
an intensity modulated output. For a hydrophone, the gap width is made a function of
the acoustical displacement using a diaphragm [7], [8]. Another displacement sensor uses
two fibers which are polished normal to the fiber axis (6 = 0), and again, one fiber moves
radially while the other remains fixed. Absorptive gratings can be fabricated on the ends

of the two fibers to increase sensitivity [9].

Loss - Microbend Concept

The microbend concept is rather simple. When an optical fiber is bent, it causes the
output intensity to decrease due to the loss at the bend. Therefore, when an external force

is applied to the apparatus shown in Figure 1-3, the output intensity will decrease. This




output intensity is inversely related to the applied force. Because light is entirely confined
to the fiber, the possibility of environmental contamination is eliminated. Temperature,
acceleration, strain, displacement, vibration, and pressure are natural parameters to be

measured using this technique [10], [11].
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Figure 1-3: Microbend sensor concept.

Reflection Concept

The reflective sensor concept is conducive to measuring displacement in the axis of the
fiber. Light propagating through an optical fiber is directed out the opposite end where
it is reflected off a surface whose distance from the fiber end varies as a function of the
sensed parameter. A portion of this reflected light, which is inversely proportional to
the distance, re-enters the fiber and is directed to a detector [12], [13]. Film thickness
and index of refraction may also be determined using this concept [14]. By replacing the

mirror with a diaphragm pressure can be measured using this configuration.




1.1.2 Integrated Optic Sensor Concepts - Intensity Modulation

Several intensity-modulated integrated optic concepts have been developed utilizing mi-
cromachining techniques. The sensor concept discussed here involves a micromachined

cantilever beam.

Cantilever Beam Concept

A cantilever beam [15] which has a waveguide fabricated on it, as shown in Figure 1-4,
deflects when a force is applied. The beam deflection can be determined optically by
the decrease in light coupled across the gap into the output guide. Thus, mechanical
vibrations are directly converted into an intensity-modulated output [16]. Typical in-
tegrated optic devices are fabricated on silicon substrates having thick oxide isolation
layers. Silicon oxynitride (SiON) films are deposited on the oxide and using photolithog-
raphy are selectively etched to produce the desired device structure. For devices having
large amplitude vibrations, the intensity modulation method described here is preferred.
For lower amplitude vibrations, interferometric techniques are preferred [6].

For acceleration measurements, device sensitivity can be controlled by proper choice
of the beam thickness, length, and foot mass. Thus, to detect small accelerations with
greater accuracy, the beam tip thickness is decreased, or a foot mass is added to the beam
tip to increase its deflection [15]. Cantilever beams can also be used to detect pressure,

force, displacement [17], and acoustic signals [18].

1.2 Phase Modulation - Sensor Concepts

Phase modulation or interferometric techniques generally require single-mode compo-
nents and coherent light sources. Using these techniques, phase shifts on the order of
10~* radians can easily be detected, with shifts on the order 1078 radians approaching
detection limits [4]. These interferometric techniques convert the phase-modulated signal

into an intensity-modulated signal.
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Figure 1-4: Cantilever beam - accelerometer configuration (foot mass).

Compared to intensity-modulated sensors, phase-modulated sensors are more com-
plex. Also, there are some problems associated with this scheme. First, a change in the
wavelength of the source can cause an undesired phase change. Another problem is that
the output signal may be ambiguous [4] due to the interferometer’s sinusoidal output.
Phase shifts of 0, 27, 47, etc. are indistinguishable from each other unless properly ref-
erenced. Also, stability of the reference arm is critical, but difficult to maintain because
environmental conditions may produce phase changes independent of the measurand.
Finally, these sensors can only be effectively operated when the optical path difference

between the sensor and reference arms is smaller than the coherence length of the source

[19].

1.2.1 Fiber Optic Sensor Concepts - Phase Modulation

Fiber optic interferometers are very sensitive. A typical two-beam interferometer consists

of a coherent light source coupled into two single-mode fibers. One fiber is the sensor arm




which is affected by changes in the measured parameter. The other arm, the reference,
is unaffected. When light from the two arms is recombined, their phase difference is
converted into an intensity which depends in a sinusoidal manner upon the phase shift.
Four interferometric techniques to be discussed are: (1) Mach-Zehnder, (2) Michelson,

(3) Fabry-Perot, and (4) Sagnac [1].

Mach-Zehnder Interferometer

A Mach-Zehnder interferometer is a two-beam interferometer which splits the input light
into reference and sensor arms as shown in Figure 1-5. Light from the two arms is then
recombined and the output detected. A phase shift between the two paths results from
measurand induced changes in the refractive index and/or length of the sensing arm.

The output intensity can be expressed as
I,
= E(l—}-cosgb), (1.2)

where I, is the input intensity and ¢ is the phase shift. Sensitivity to small changes in
¢ is maximized at ¢ = 7, and is zero at ¢ = 0, 7. Assuming the index of the sensor and

reference arm is the same (n; = n, = n), the phase shift is given by

2
= )‘—WnL, (1.3)

where ), is the free-space wavelength and L is the length difference between the two arm

lengths (Ls — L,). A change in the measurand induces a phase shift change of
2m
A= = (AnL +nAL). (1.4)

This approach is widely used for acoustic sensing [1],[10].
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Figure 1-5: Fiber optic Mach-Zehnder interferometer.

Michelson Interferometer

The Michelson interferometer is similar to the Mach-Zehnder configuration, except re-
flected light is used for detection as illustrated in Figure 1-6. The sensor and reference
fibers have mirrored ends which reflect the light back to the detector. This gives twice

the sensitivity of the Mach-Zehnder interferometer, i.e.

Q= %nL. (1.5)

Care must be taken when using this type of interferometer in a fiber optic sensor configu-
ration because the reflected light is fed back into the light source. For lasers, this feedback
can cause instability, but isolators can be used to prevent this problem. A temperature

sensor based on an all-fiber Michelson interferometer has been reported [20].
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Figure 1-6: Fiber optic Michelson interferometer.

Fabry-Perot Interferometer

Unlike the two-beam interferometers previously discussed, a Fabry-Perot interferometer
has a single path. Incident light encounters two partially reflecting parallel mirrors
separated by a gap as illustrated in Figure 1-7. Interference occurs as the incident beam
is successively reflected between the mirrors. Changes in the gap width [ alter these
reflections. Interference is determined by the one-way phase shift across the gap, which

is defined by [21]
27nl cos 0

¢= N (1.6)

where 7 is the index of the material between the mirrors, and 6 is the angle of incidence
inside the cavity. An important characteristic of a Fabry-Perot interferometer is its
finesse. Defined as the ratio of the separation of adjacent fringes and the half-intensity
width, finesse can be written as [21]

Fie , (1.7)




where R is the reflectivity of the mirrors, hence, the higher the reflectivity, the higher the
finesse. Either the reflected or transmitted light from a Fabry-Perot interferometer may
be used in a sensing application. The ratios of the reflected and transmitted intensities

to the incident intensity are given by [21]

1, 1
I, 1+ Fsin?¢’ 8]
and
R Fsin? ¢
T,- e F'sin? ¢ (1.9)
where
4R
F— W. (1.10)
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Figure 1-7: Fiber optic Fabry-Perot interferometer.

Sagnac Interferometer

Sagnac interferometers are most often used for rotation sensing. The source light is split

into two beams which propagate in opposite directions around the closed path of a coil
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as shown in Figure 1-8. While held stationary, no phase shift is detected. However, when

the fiber ring is rotated, there is a phase shift which is expressed by [22]

_ 47LR

¢ Aoc w)

(1.11)

where L is the fiber length, R the coil radius, w the rotation rate, A, the free-space
wavelength, and c the speed of light. Fiber gyroscopes are based on this concept [23] and
are also amenable to integrated optics [24]. Electric and magnetic fields [25], [26] can be
detected using a Sagnac interferometer as well as leaks in long-distance gas or fluid-filled

lines [27], [28].

Source /\
Detector \_/
— Sensor —

Figure 1-8: Fiber optic Sagnac interferometer.

1.2.2 Integrated Optic Concepts - Phase Modulation

Reliability is expected to be improved and cross-sensitivity reduced using integrated op-
tic phase-transduced interferometric sensors [29]. The optical paths in an integrated

optic phase-modulated sensor are fabricated in close proximity on a single substrate.
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Hence, these devices are expected to be more stable than fiber interferometers with re-
spect to environmental changes. Silicon [30], [31], gallium arsenide, and lithium niobate
are commonly used integrated optic substrates since all have well-established fabrica-
tion techniques and possess excellent waveguiding properties. Because phase shift is to
be detected, single-mode components are most often used. Two phase measuring in-
terferometric techniques will be discussed with respect to integrated optic structures:

Mach-Zehnder and Michelson.

Mach-Zehnder Interferometer

This type of interferometer can be used in a variety of sensor configurations. These
include but are not limited to: pressure, strain, acoustic wave, temperature, high-voltage,
and electric field sensing. Some of these will be discussed further.

Several papers have been published describing pressure sensors utilizing the Mach-
Zehnder interferometer [32],[33],[34],[35],[36]. Generally, the sensing arm is fabricated on
a micromachined diaphragm. Pressure applied to the diaphragm causes it to deform,
thus inducing a strain in the waveguide which causes an index of refraction change due
to the photoelastic effect.

Another parameter to be sensed is the distance from the edge of a guide to an external
reflector [37]. Hydrogen can be detected using this scheme [38] when the optical refractive
index of a Pd film on a Y-cut LiNbO3 substrate changes due to hydrogen absorption and
desorption. As a last example, a temperature sensor has been discussed in the literature

where the path length change between the two arms is used to deduce temperature [39].

Michelson Interferometer

Using a Michelson interferometer, cantilever beam deflections [40], [41] can be measured.
Displacement of an external reflector can also be measured [42],[43], similar to a Mach-
Zehnder. An integrated optic displacement sensor [43] is illustrated in Figure 1-9. Two

mirrors are used: one attached to the object being displaced, the other onto the chip
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edge. Light enters the input path where it is divided between the reference arm and the
sensing arm by a coupler. The sensor path reflects off the object mirror and combines
with the reflected reference light where it is directed toward the output waveguide as an
intensity-modulated signal. Varying this configuration, temperature, humidity [44], and

pressure [45] can be detected as well.

Coupler

Output Arm Sensing Arm

/ ObjTecl

Input Arm Reference Arm Mirror

Figure 1-9: Displacement sensor using a Michelson interferometer.

1.3 Wavelength Modulation

Sensor configurations using wavelength modulation generally utilize a broadband source,
wavelength modulator (transducer), and spectrometer, along with detection electronics
[6]. Thus, demodulation is generally more complex for this scheme [4]. Multimode fibers
are often used to transmit the sensor signal. Using wavelength encoding, sensor output
is inherently less susceptible to loss variations in the fibers and connectors.

A typical wavelength-modulated sensor scheme is illustrated in Figure 1-10. A broad-

band light source, with spectrum W,(v), where v is the wavenumber, is coupled to a
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Figure 1-10: Typical wavelength-modulated sensor scheme.

fiber and directed toward the transducer. The value z of the parameter being sensed
determines the spectral transmission Fy(z,v), thus filtering the input spectrum. This
filtered spectrum, Fy(z,v)W,(v), contains the encoded measurement information and is

directed to the decoder where the value of z is determined [46].

1.3.1 Fiber Optic Sensor Concepts - Wavelength Modulated
Fabry-Perot

A Fabry-Perot temperature sensor can be fabricated directly on the end of an optical fiber
[47], [48] as shown in Figure 1-11. The silicon Fabry-Perot etalon is sputter deposited
on the fiber tip along with some protective overlayers. As the temperature increases, the
etalon thickness and index of refraction increase, thereby shifting the reflected spectrum

to longer wavelengths. The resonant wavelengths of the etalon are expressed as [47]

Am = —, (1.12)
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where n is the index of refraction of the silicon, [ is its thickness, and m is an integer.

Quantitatively, the change in resonant wavelength as a function of temperature is given

by [47]

ldn 1dl
AXn = An (;:{T o Tﬁ) AT. (1.13)
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Figure 1-11: Fiber optic Fabry-Perot temperature sensor.

Using the configuration illustrated in Figure 1-12, pressure can be measured. Light
is incident on the Fabry-Perot cavity which deforms when pressure is applied to the
diaphragm. The reflected light is wavelength modulated by changes in this cavity’s
width [49]. If the device is properly shielded, external electric fields can be detected by
the electrostatic force exerted on the diaphragm [50].

Encoder

A 10-bit digital optical position encoder has been fabricated [51] and is shown in Figure
1-13. Light from a broadband source is dispersed across the channels of a reflective code

plate by the graded-index (GRIN) rod lens and prism grating structure. Wavelengths
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Figure 1-12: Pressure sensor based on wavelength modulation.

incident on a channel in the logic-zero state are absorbed. Alternatively, wavelengths
incident on a channel in the logic-one state are reflected off the code plate and retrans-
mitted to the input/output fiber. This reflected light is then directed by a coupler to a

separate encoder output fiber which transmits it to a spectrum analyzer.

1.3.2 Integrated Optic Sensor Concepts - Wavelength Modula-
tion
Ring Resonator

A micromachined ring resonator pressure sensor is shown in Figure 1-14. Light propagates
from the input channel waveguide through the first Y-branch and is split at the second
Y-branch. A portion of this light then travels around the ring where it crosses the
diaphragm. The light continues around the ring to the first Y-branch and interferes with
the incoming light. The effective index of the ring, n., is altered when the diaphragm is
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Figure 1-13: Optical position encoder.

perturbed by an applied pressure. The round trip phase shift of the ring is given by [52]

_27r L
==

¢ ne(l)dl, (1.14)

where ), is the wavelength of the source and m, is integrated around the perimeter of
the ring having length L. At resonance, the ring and input light constructively interfere
such that ¢ = 27m, where m is an integer, which causes the transmissivity of the ring
resonator to be a maximum. When ¢ = 27(m+3), the transmissivity is a minimum. The
sensor’s response to pressure is linear with a sensitivity of 0.0094 rad/kPa for the TM
mode [52]. This sensor exhibits cross-sensitivity to temperature which may be reduced by
shortening the path length [53]. The ring resonator configuration can be used to measure
other parameters by replacing the diaphragm in Figure 1-14 with an appropriate sensing

mechanism.
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Figure 1-14: Integrated optic ring resonator interferometer.
1.4 Polarization Modulation - Sensor Concepts

Polarization modulation is another concept used to encode and recover the measurand
[19]. Analogous to the previous methods, the relevant physical parameter to be measured
is converted into a polarization change, which may be due to electro-optic or elasto-optic
effects. Polarization modulation techniques have been advancing due to commercially
available polarization-maintaining fibers. These highly birefringent fibers can maintain

the state of linearly polarized light [4].

1.4.1 Fiber Optic Sensor Concepts - Polarization Modulation

Polarization-maintaining fibers can be used as temperature sensors due to the birefrin-
gence changes with temperature. For current and magnetic field sensing [54], [55], low-
birefringence fibers are used to exploit the Faraday effect. This effect is a polarization

rotation which occurs when a magnetic flux is in the same direction as the light propa-
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gating in an optical fiber [4]. The rotation, 6, is expressed as

0=V [B-d, (1.15)

0t~

where V is the material Verdet constant, B is the magnetic flux density, and L the optical
path length. A compact current sensor using this effect has been fabricated using yttrium

iron garnet with 0.7°/A sensitivity [56].

1.4.2 Integrated Optic Concepts - Polarization Modulation

Using the integrated optic nanomechanical effect, polarization can be modulated as a
function of the measured parameter [57]. An example of this configuration is shown in
Figure 1-15. This effect causes a change in the TE and TM effective indices of the guide.
When a small nonabsorbing dielectric plate is positioned above the guide, separated by
a gap (d < )), it will interact with the evanescent field of the guide. This interaction
causes the effective index of the guide to vary dependent upon the distance d. Because
the change in effective index for the TE and TM modes differs, a phase shift between the
two modes is induced. Using a polarizer oriented at 45°, the phase shift is converted to
an intensity modulated signal. Acoustical sensing can be performed using this method
[57].

Polarization sensors can also be used for magneto-optical disk pickup where detection
of the disk state is performed using a Faraday rotator. Such a sensor has been fabricated

with all its components integrated on one chip [58].

1.5 Time/Frequency Modulation Sensor Concepts

Time and frequency modulation are so closely related that they are being addressed
together. An advantage to these modulation schemes is high immunity to cable and con-

nector effects. As opposed to intensity-modulated schemes, source intensity fluctuations
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Figure 1-15: Polarimeteric interferometer where effective-index is affected by force applied
to plate.

are not as critical when using a frequency-modulated sensor [59]. A frequency-modulated
sensor can be constructed from a vibrating element such that its resonant frequency can

be made to vary with respect to the measurand.

1.5.1 Fiber Optic Sensor Concepts - Time Modulation
Fluorescent Time Rate of Decay Concept

This technique uses pulses of broadband light to excite a fluorescent material located at
the end of a fiber as illustrated in Figure 1-16. When the excitation ceases, the energy
emitted from the material decays exponentially with time constant 7. As decay time is
related to temperature, a temperature sensor can be fabricated using this technique [60],
[61]. Over the range -70°C to 350°C the sensitivity is typically better than -0.3%/°C
[60]. An interesting property of the decay signal is that its spectrum is wavelength-shifted
with respect to the source. This wavelength shift is temperature sensitive, and hence can
be used to deduce temperature. Oxygen can also be detected using this fluorescence time

rate of decay principle [62].
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Figure 1-16: Fluorescent time rate of decay temperature sensor.

Optical Time Domain Reflectometry

Similar to the technique above, a short pulse is launched into a fiber and the returned sig-
nal detected. The time resolution of the backscattered light is linearly dependent on the
measurand. For communications applications, time resolution of the backscattered power
determines the spatial distribution of the fiber attenuation. This provides information

regarding fiber breaks, poor splices, and unusually lossy fiber sections [63].

1.5.2 Fiber Optics - Frequency Modulation
Resonant Microstructure

A fiber optic pressure sensor has been fabricated which exploits the pressure dependent
resonance frequency of a silicon diaphragm [64]. The microstructure is excited into
resonance, through the thermooptic effect, by the modulated light from a fiber as shown
in Figure 1-17. The vibration amplitude is measured by a displacement sensor, shown in

Figure 1-18. Light from one fiber travels across a gap of width [ to the opposite fiber.
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A shutter attached to the vibrating microstructure is oriented perpendicular to the fiber
axis and modulates the light transmitted from the input to the output fiber. The distance
between the central axis of the fiber and the bottom of the shutter is denoted by h. The
vibration amplitude of the microstructure, h, where h(t) = h,sin(27ft), is determined
from the amplitude of the transmitted light modulated at the vibration frequency, f. The
frequency of the excitation is adjusted to maximize h,, thereby determining the resonant

frequency and hence the applied pressure.
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Figure 1-17: Frequency-modulated optical pressure sensor.

Laser Doppler Velocimetry

To measure gas or fluid flows, Laser Doppler Velocimetry (LDV) is often used. When
laser light is scattered by moving particles in a flow stream, it experiences a Doppler

frequency shift. The Doppler shifted frequency is [65]

f= % cos 6, (1.16)
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Figure 1-18: Displacement sensor used with pressure sensor.

where ), is the laser wavelength, v is the flow velocity, and € is the angle between the
incident laser beam and the flow. This scheme is conducive to both fiber optics [4] and

integrated optics [66] and can be used to measure flows in wind tunnels and pipelines

[10].

1.5.3 Integrated Optics - Frequency Modulation
Bridge resonators

Strain, pressure, vibration, and displacement are common parameters determined using
this modulation scheme [10]. For resonant frequency sensors, a high quality factor, Q,
is desired. Losses from friction in the medium surrounding the resonator reduce Q,
therefore, operating in vacuum will increase Q [67]. Since resonators are strongly affected
by temperature change, compensation methods are often needed to prevent thermal cross-
sensitivity [68].

Large amplitude vibrations of the cantilever beam were previously discussed in the

integrated optic intensity-modulated sensor section. Here, a microbridge with low ampli-

24




tude vibrations will be discussed. A microbridge, illustrated in Figure 1-19, is excited by
intensity-modulated light incident on the structure. This incident light produces a ther-
mal stress causing the structure to vibrate. When the incident light frequency matches
the bridge’s natural resonance frequency, the maximum output amplitude is achieved

[69]. The bridge’s fundamental undamped resonance frequency is expressed by [69]

t [kE,
= 1.028—
g Lg Ps

(1 s 0.295Lgt52) (1.17)

where t is the thickness of the beam, L; is the bridge length, k is a coefficient related to
the beam components, p, is the beam density, F; is the Young’s modulus of the substrate,
and ¢ is the longitudinal tensile strain of the bridge. This vibration amplitude is detected
optically using an integrated optic interferometer [70], [68]. Measurand-induced changes

in the strain of the device are detected as changes in the device resonant frequency.
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Figure 1-19: Bridge resonator.

Microresonators can be used to determine chemical components, small masses, tem-
perature, pressure [71], [72], and vibration. For a prototype pressure sensor [72] operat-
ing in the 0 - 300 kPa range with an 18 kHz span, the pressure sensitivity was ~ 0.006
kHz/kPa. A vibration sensor can be used to detect Young’s modulus and built-in stress

of thin deposited films [73]. Using GaAlAs, a cantilever beam along with a light source
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and detector has been integrated on one chip [74].

Self-oscillation techniques may also be used [69]. Self-oscillation refers to a device
which oscillates when illuminated with a CW light source and thus is more practical be-
cause only one unmodulated laser source is required for both the excitation and interro-
gation of the microresonator. This oscillation frequency is determined by the mechanical

properties of the structure and varies with respect to the measurand [71], [69], [75].

1.6 Summary

Five modulation techniques have been discussed: intensity, phase, wavelength, polariza-
tion, and time/frequency.

Intensity-modulated sensors are the simplest to implement. However, they must be
properly referenced to avoid source, connector, and detector fluctuations from corrupt-
ing the sensor output. Interferometric techniques are very sensitive and convert phase
change into an intensity-modulated signal. Wavelength-modulated sensors use reflected
or transmitted wavelength shift to deduce the measurand and are therefore less affected
by loss variations. However, errors can be produced from source wavelength shift caused
by changes in temperature. Polarization can be modulated with respect to the measur-
and, such as current or magnetic field strength, by exploiting the Faraday effect. Time
and frequency-modulated sensors are inherently immune to fiber and connector losses.
However, fluorescent time rate of decay sensors have high insertion loss [76] and microres-
onators are strongly temperature dependent.

It is hoped that this chapter has provided the reader with an overview of sensor
concepts that have been developed to date, with the references given to provide further

details.
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