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We theoretically study the spectral characteristics and noise performance of wavelength-interrogated fiber-optic
sensors based on an extrinsic Fabry—Perot (FP) interferometer (EFPI) formed by thin metal mirrors. We develop
amodel and use it to analyze the effect of key sensor parameters on the visibility and spectral width of the sensors,
including the beam width of the incident light, metal coating film thickness, FP cavity length, and wedge angle of
the two mirrors. Through Monte Carlo simulations, we obtain an empirical equation that can be used to estimate
the wavelength resolution from the visibility and spectral width, which can be used as a figure-of-merit thatis inher-
ent to the sensor and independent on the system noises. The work provides a useful tool for designing, constructing,

and interrogating high-resolution fiber-optic EFPI sensors.
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1. INTRODUCTION

Fiber-optic extrinsic Fabry—Perot (FP) interferometer (EFPI)
sensors consisting of FP cavities fabricated at the tips of
single-mode fibers (SMFs) have received increasing interest
in measuring a wide range of parameters such as temperature
[1-3], pressure [4], acoustic and ultrasonic waves [5,6], flow
[7,8], refractive index [9], plasma radiation [10], and biochemi-
cal specifications [11,12], due to their simple structure, small
size, and versatility in addition to many other advantages inher-
ent to fiber-optic sensors. The parameters to be measured are
encoded in the wavelength shift of the interferometric fringes
in the reflection spectrum of the sensors, which are typically
obtained using one of the three schemes: a laser whose wave-
length is at the slope of the fringes along with a photodetector
(intensity interrogation), a broadband source plus a spectrom-
eter (angular interrogation), and a wavelength-scanning laser
and a photodetector (wavelength interrogation). In many cases,
measurement resolution or detection limit is one of the most
important performance parameters of the sensors. Intuitively, a
high fringe visibility and narrow spectral width of the fringes are
favorable to achieving a good resolution regardless of the inter-
rogation method. Many of the reported fiber-optic EFPI sensors
are low finesse, using the Fresnel reflections as the mirrors for the
EP cavities with spectral fringes being approximately sinusoidal,
in which case the spectral width (full width at half-maximum
or FWHM) is roughly half of the free-spectral range (FSR) of
the FP cavity. To reduce the spectral width of fringes, FP cavity
designs with relatively high finesse using coated mirrors have
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been implemented [10,13,14]. Although FP cavities involving
concave mirrors or lenses inside the cavity [15-17], which can
account for the diffraction of the beam from the optical fiber,
have the potential to achieve the highest finesse, sensors with
planar FP cavities [10,18], particularly those formed by metal
mirrors, are much easier to fabricate and more forgiving on the
selection of the cavity material and the fabrication accuracy. In
the past, extensive study has been performed to model and ana-
lyze the spectrum of planar FP cavities [19-21]. However, none
of them has provided insights on how the sensor parameters
affect the measurement resolution, one of the most important
performance parameters of the sensors.

In this paper, we present a model to describe a fiber-optic
EFPI sensor formed by two planar gold films and analyze the
effect of key sensor parameters, including the beam width of
the incident light, the metal coating film thickness, the FP
cavity length, and the wedge angle of the two mirrors, on the
visibility and spectral width of the sensors. Due to its superior
performance, wavelength interrogation is employed for the
sensor where spectrum is measured by a wavelength-scanning
laser, and the wavelength position of a fringe valley is found by
polynomial fitting of the data points around the valley. Through
Monte Carlo simulations, we have obtained an empirical equa-
tion for estimating the wavelength resolution from the fringe
visibility and spectral width for a system with a given noise level.
The results separate the contributions to the measurement
resolution from the system noise and from the sensor struc-
ture, which allow us to define a figure-of-merit (FOM) that is
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Analysis of how fringe visibility and bandwidth influences the sensor resolution. (a) Simulated reflection notch of sensor. (b) Sensor wave-

length resolution versus 3 dB spectral width (84) when the fringe visibility is set at 0.8. (c) Sensor wavelength resolution versus (1 + 1/V) /2 when the
3 dB spectral width is set 0.5 nm. (d) Sensor wavelength resolution versus relative intensity noise.

inherent to the sensor and independent of the system noises.
The model provides a useful tool for the design and fabrication
of such sensors. In our analysis, metal films are selected as the
mirrors for the FP cavity, as opposed to dielectric coatings, with
both practical and theoretical considerations. On the practical
aspect, dielectric mirrors require complicated mirror design,
have more stringent requirements on the coating substrate, are
much thicker than metal coatings, and have a higher fabrication
cost. On the theoretical aspect, the refractive indices of metals
are complex numbers. The model for an FP cavity with metal
mirrors is more general with consideration of complex reflection
and transmission coefficients of the mirrors and can be easily
adapted to analyze an FP cavity with dielectric coatings.

2. WAVELENGTH RESOLUTION OF THE EFPI
SENSORS WITH LORENTZIAN LINES

We start with a high-finesse EFPI sensor formed by lossless
mirrors, whose reflection spectrum can be approximated by
a Lorentzian function (narrow-peak approximation) [22].
Intuitively, the inherent noise performance of the sensor is
dependent on the fringe visibility and the spectral width, and
a large visibility and a narrower fringe width favor a higher
resolution. Analysis of how fringe visibility and width affect the
resolution in such a sensor with well-defined spectral shape can
provide useful insight on the metal mirrored EFPI sensors with
more complex spectral shapes. Figure 1(a) shows a notch in the
reflection spectrum, /7 (X), where the maximum reflectivity
is normalized to unity, I, is the depth of the valley related to
the fringe visibility of the sensor, §A is the 3 dB spectral width

counting from the peak to the valley, and A denotes wavelength.
With noise, the measured spectrum is given by

where 87 is the intensity noise following the normal distribu-
tion arising from the sensor system. In practice, the spectrum
is sampled and digitalized. Assume the data points are evenly
distributed along the notch at a wavelength interval of 1.2 pm
(600 pm over 500 data points). For simplicity, we further
assume that the noise of any data point is independent, and the
noise level (standard deviation) is uniform for all data points.
A second-order polynomial function was applied to fit the data
points around the valley to obtain the valley position. The data
points were chosen by setting a threshold, and those below the
threshold were chosen for curve fitting, as shown in Fig. 1(a).
The threshold is defined as the level at one fifth of the peak to
valley value (7,/5) above the valley. Monte Carlo simulations
were carried out to obtain the standard deviation of the obtained
fringe valley position for a given sensor spectrum and noise
level, which is defined as the wavelength resolution of the sensor
system [23].

We first analyzed the effect of 3 dB spectral width on the
sensor resolution. Figure 1(b) shows the sensor resolution as
function of the 3 dB spectral width at three different noise lev-
els when the fringe visibility is fixed to 0.8 on the logarithmic
scale. The linear fittings of the data points on the logarithmic
scale for the three different noise levels show similar slopes
close to 0.5, indicating that wavelength resolution is pro-
portional to the square root of the bandwidth /8. We then

obtained the sensor resolution as a function of valley depth
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(1) for different noise levels when SA was fixed at 0.5 nm,
and the result is plotted in Fig. 1(c). The linear fittings of data
for the three different noise levels show similar slopes close
to one, which reveals that the value of wavelength resolution
scales with 1/1;. In practice, fringe visibility, V, is more com-
monly used for characterizing the fringes of an EFPI sensor,
and 1/7;=(1+1/V)/2. Summarizing the results shown in
Figs. 1(b) and 1(c), we have found that the sensor resolution is
proportional to v/8A(1 + +), which can be used as an FOM of
the sensor. Figure 1(d) shows the sensor wavelength resolution
as a function of noise level with different bandwidths (§1) and
depths (7). As expected, the resolution increases linearly with
the relative intensity noise with given bandwidth and depth.

It is worth remembering that the results are obtained for
high-finesse EFPI sensors whose spectrum can be approximated
by Lorentzian functions. The spectrum from EFPI sensors with
metal mirrors may be more complex and have large deviations
from a Lorentzian shape. Nevertheless, the results indicate that
spectral width and fringe visibility are the major parameters that
determine the noise performance of an EFPI sensor.

3. OPTICAL MODEL OF THE EFPI SENSORS
WITH PLANAR METAL MIRRORS

The fiber-optic EFPI sensor with planar metal mirrors under
analysis is schematically shown in Fig. 2. Light from an SMF
is expanded by a collimator before illuminating an FP cavity
formed by two metal films on both sides of a substrate with
thickness of &5 and refractive index of n3. In practice, the
collimator can be made from a short section of graded-index
multimode fiber (GI-MMF) [24], whose refractive index can
be considered as a constant, 71, for the purpose of calculating
the reflection and transmission coefficients of the metal film.
The thicknesses of the metal films on the front side (M;) and
the far side (A4%) of the substrate are, respectively, 4, and d4, and
their complex refractive indices are, respectively, 7, and 4. For
simplicity, we assume the same metals are used for both mirrors,
thus 7, = n4. The external medium surrounding the sensor is
assumed to be air with a refractive index of 75 ~ 1.

The light beam at the exit of the collimator can be approxi-
mated as a Gaussian beam with a plane wavefront whose electric
field is given by E(p) = Ej exp(—,oz/a)é), where Ej is the
maximum amplitude, wy is the waist radius of the Gaussian
beam, and p is the radial distance from the center axial of the
Gaussian beam. After transmitting through the metal mir-
ror (M) into the FP cavity, the electric field of the Gaussian
beam travels back and forth between the two mirrors. For each
round trip, due to the diffraction of the beam that leads to the
mismatch from the original Gaussian field, only a part of the

Collimator dz dg d4

Fig. 2.

mirrors.

Schematic of a fiber-optic EFPI sensor with planar metal
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backward traveling light can be coupled into the same mode
of the collimator that matches the fundamental mode of the
lead-in SMF [19]. The total reflected field coupled into the
fundamental mode of the lead-in SMF from the FP cavity is
given by

E,=r3E(p)+ ) ti3(r35)" " 30" s E(p), (2)

m=2

where 713 (r31) and #13 (#31) are, respectively, the reflection and
transmission coefficients of metal mirror M calculated from the
extracavity (intracavity) side of the mirror, 735 is the reflection
coefficient of mirror M, calculated from the intracavity side of
the mirror, and 7,, is the coupling coefficient of the Gaussian
beam after the 72th round trip in the cavity to the Gaussian beam
of the collimator that matches the fundamental mode of the
SME which is given by

2
N = ——— explig,], @)
wow,,q

m

where @/, is the spherical wavefront radius of the Gaussian
beam after the mth round trip in the cavity, ¢,, = k2mds —
tan~!(2md3/z) is the phase shift due to wave propagation of
the Gaussian beam (z9 = @} 73/ A is the Rayleigh range of the
beam at free-space wavelength 1), and ¢ is a complex number
given by g = wLé + j% — iﬁ,where k=21 n3/ )\ is the wave
number, and R}, is the spherical wavefront radius curvature after
the mth round trip in the cavity of the beam. The derivation of
Eq. (3) can be found in Supplement 1.

The reflection and transmission coefficients of the metal
mirror, M, can be deduced using the transfer matrix method
[25,26]. The mirror coated on the end of fiber is sandwiched
between the collimator and the FPI. Thus, the transfer matrix of
this metal layer can be obtained from

M11 M12 :L 1 7{2 . exp (—lﬂz) 0
My My, #, L2 1 0 exp (182)
L [ 1 ’ﬁs}
thy Lrs 1]

where 8, = %”2”[2’ 712> and 7} are the reflection coefficients

(4)

defined by the Fresnel reflection arising from the refractive
index mismatch of two adjacent layers, the fiber and the metal
film, and #, and #5 are the transmission coefficients. Then, the
reflection coefficient 713 and transmission coefficient #3 of the
metal mirrorare given by

Moy 71, + r33exp(2i )
My 147r],rhexpiBy)’

(5)

713 =

1 1, 855exp(i B2)
My 14 r,r55exp(2i8,).

(6)

n13

Using the same method, the other three reflection or
transmission coefficients, 731, #31, and r35 are obtained and
given by


https://doi.org/10.6084/m9.figshare.15124860

Research Article

_ rhy +ryexp(2if)

r31 = ) 7
31 1 + 75,75, exp(2i Bs) (7
t/ t/ .
= —2OPCPD) ®)
1+ 73,75 exp(2182)
ri+ri.exp(2iB4)
ras = 34 T 745SXP )

T 1+ r;4rjlsexp(2i,34)’

where B4 = %”4”’4- The reflection coefficients and trans-

mission coefficients at the interface of two adjacent layers 7,
and ;, (/=1,...,5;m=1,...,5) in Egs. (4)—(9) can be
calculated using the Fresnel equations given by

np— Ny

== 10

7 Im n + n,, ( )
2ny

| = — 11

i ny+ ny,. (1)

Substituting Eqgs. (3) and (5)—(9) into Eq. (2), the total
reflected intensity coupled into the fiber can be obtained by

[rO X Er . (Er)*v (12)

where “*” denotes the complex conjugate.

4. SIMULATION
A. Simulation Methodology

We investigated the noise performance of the sensor system
following the method described in Section 2. The reflection
fringes in the absence of the noise can be directly obtained by
using Eq. (12). A noise term is added to find the wavelength
resolution through Monte Carlo simulations.

We validated our model and simulation method by imple-
menting them on a fiber-optic EFPI sensor and comparing
its reflection spectrum and noise performance obtained from
simulation and experimental measurement. The sensor, which
has a structure similar to that shown in Fig. 2, consists of a gold
mirrored silicon pillar attached to the end face of a short section
of GI-MMEF that is connected to a lead-in SMFE. The GI-MME
when its length is controlled, functions as a collimator to expand
the light beam guided by the SME. The fabrication processes
are similar to those detailed in Ref. [10] and briefly described as
follows. A GI-MMF with a core diameter of 60 pLm was spliced
to an SMF using a fiber fusion splicer. The GI-MMF was then
cleaved to the desirable length using a fiber cleaver with the help
of a microscope. Gold coatings were deposited onto both sides
of 2 100 pm thick silicon wafer by sputtering with estimated
coating thickness of 25 nm on the front side (44;) and 100 nm
on the far side (443). A small fragment of the coated silicon wafer
was glued to the cleaved end of the GI-MMI to complete the
fabrication. The red curve in Fig. 3(a) is a single reflection notch
of the fabricated silicon EFPI sensor measured by an optical
sensing interrogator (Model: sm125, Micron Optics) based on a
wavelength-swept fiber laser.

Due to the limited accuracy in characterization and fab-
rication of the sensor components, fine adjustments of the
simulation parameters of the EFPI sensor are necessary to get
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Table 1.  Silicon EFPI Parameters Used in the
Simulation
2(1)0 dz d3 d4
Parameters (um) (nm) (um) (nm) #, n ny; a(®)
20 225 100 200 1.45 0.52+ 3.4115 0.008

710.74

similar reflection fringes with the fabricated silicon EFPI sensor,
including the gold mirror thickness, cavity length, refractive
index of silicon, wedge angle, and beam width. Note that the
wedge angle refers to the angle formed by the two planar surfaces
of the FP cavity (see Section 4.B.3). The parameters used in
the simulation are listed in Table 1, and the resulting simulated
spectral notch is shown in Fig. 3(a) (blue curve). It is seen that
the reflection notches obtained experimentally and from the
simulation have similar visibility of 0.46 and similar FWHM of
380 pm.

The noise performance of the sensor was studied experimen-
tally and compared with the simulation results. Experimentally,
the sensor was placed in the lab environment with a constant
temperature, its reflection spectra were obtained continuously
using the optical sensing interrogator with a frame rate of 1 Hz,
and the wavelength interval between two neighboring data
points was 5 pm. For each spectrum, a second-order polynomial
function was used to fit the spectrum around a fringe valley
and find the wavelength position of the valley. The upper panel
of Fig. 3(b) shows the relative fluctuation of the wavelength
position for 100 continuous spectral frames obtained from the
experiment with a standard deviation of 0.76 pm. For simula-
tion, noise needs to be added to the simulated spectrum of the
sensor. With the assumption of an intensity noise with Gaussian
distribution, we first needed to determine the standard devia-
tion of the noise used in simulation that should be close to the
experimental condition for comparison. Therefore, the fitting
errors in the experiment are considered as the relative intensity
noise (relative to the intensity of the light at the threshold used
for selection of the data for curve fitting) of the system, and its
standard deviation is calculated to be 6.1 x 1072, In the sim-
ulation, independent Gaussian noises with the same standard
deviation were added to each data point in each of the spectral
frames. After a spectral valley with noise was obtained, poly-
nomial curve fitting was used to find the wavelength position
of the fringe valley. The lower panel of Fig. 3(b) shows the rel-
ative wavelength obtained from a simulation of 100 iterations.
The standard deviation of the result is 0.80 pm, which agrees
well with the experimental results (0.76 versus 0.80 pm). The
reasonably good agreement between the experimental and sim-
ulation results validates the theoretical model and simulation

methodology.

B. Simulation Results and Discussion

As shown in Section 2, the resolution is largely determined by
the fringe visibility and spectral width of the fiber-optic EPFI
sensor. These characteristics are affected by sensor structural
parameters such as the thickness of the front gold mirror (&5),
beam width (2wy), cavity length (43), and wedge angle (9). In
this subsection, we systematically investigate effects of these
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parameters on the spectral characteristics and measurement
resolution of the sensor by using the Monte Carlo simulation
method with a given relative intensity noise of 1.8 x 1074, In
the simulation, the data points are evenly distributed along the
fringes with a separate distance of 1.2 pm.

1. Beam Width and Thickness of the Front Gold Mirror

We first study the influence of the beam width of the illumi-
nating light on the reflection spectrum of the sensor. We use
a silicon EFPI sensor with a cavity length of 100 pm and a
gold film thickness of 30 nm for the front mirror as an exam-
ple (the thickness of the back gold mirror is kept at 200 nm
throughout the simulation). Figure 4(a) shows the simulated
fringes obtained when the sensor is illuminated by Gaussian
beams of different beam widths. When the beam width is small
(e.g., 10 um corresponding to a beam width of the mode in a
regular SMF), the reflection spectrum shows a relatively broad
and shallow notch, partially due to the diffraction of the beam
inside the cavity that reduces both the finesse and the fringe
visibility of the FPI. As the beam width increases, the diffraction
is reduced, leading to higher finesse and increased visibility. It
is seen that as the beam width is larger than ~60 pum, the spec-
tral shape of the FPI shows few changes with the beam width,
indicating that the diffraction due to the finite beam width can
be ignored, and the spectral width and visibility approaches the
case where the FPl is illuminated by a plane wave.

Next, we study the effect of the gold film thickness of the front
mirror on the reflection spectrum of the sensor with a 100 pm
silicon cavity length. We demonstrate how the film thickness
affects the shape of the sensor spectrum. For this purpose, we
simulate the reflection spectrum of sensors with different gold
film thicknesses, as shown in Fig. 4(b), assuming that they are
probed by a laser with a beam width of 60 pm, which, as dis-
cussed above, is sufficiently large to ignore the diffraction of
the laser inside the cavity. It shows that both the spectral width
and the visibility of the fringes are sensitive to the film thick-
ness. Specifically, the spectral width seems to monotonically
decrease as the film thickness increases, whereas the fringe vis-
ibility reaches its maximum value close to unity at a specific film
thickness around 20 nm. These observations are confirmed in
Figs. 4(c) and 4(d) that show, respectively, the spectral width and
fringe visibility as a function of film thickness probed with lasers

of different beam widths. Again, the results show that when the
beam width reaches ~60 um, the spectral characteristics are
largely independent of the beam width. It is also noted that,
from Fig. 4(c), larger gold film thickness results in narrower
spectral width of the fringes. This is reasonable because larger
gold film thickness yields a higher reflection and better energy
confinement of the light field inside the cavity for a narrower
resonant notch. However, the larger gold film thickness also
results in a larger transmission loss of the front mirror, and,
toward the thick gold film end, causing low visibility due to the
large mismatch between the beam powers directly reflected from
the front mirror and the beam that is transmitted back to the
fiber through the film.

It is intuitive that a narrower spectral width and a larger vis-
ibility will, in general, favor a better measurement resolution.
We use the Monte Carlo simulation to find how the gold film
thickness and beam width affect the measurement resolution
for the silicon FP interferometer (FPI) sensor with the same
cavity length of 100 um at a given noise level. As an example, we
assume that the sensor system noises are white Gaussian noises.
Figure 4(e) shows the simulated wavelength resolution as a func-
tion of the gold film thickness when the beam widths are 10,
20, 40, 60, and 80 pum. It is seen that the changes of resolution
with different beam widths follow a similar trend in the sense
that an optimized gold film thickness is found that results in the
highest resolution (the value for the resolution is minimum) for
agiven beam width. When the beam width is larger than 60 pm,
the resolution versus metal film curves largely overlap, which is
another indication that the diffraction due to the finite beam
width becomes negligible. In this case, the optimal thickness for
the gold film is ~23 nm. When the beam width is smaller, the
highest resolution occurs at a thinner thickness of gold film. For
example, when the beam width is 20 pm, the optimal thickness
of the gold film is ~12 nm. In general, a larger beam width
favors a higher resolution. It is worth noting that when the beam
width is 40 pm, the sensor achieves similar resolution as the
cases where the beam widths are larger (60 and 80 pm), until
the gold film thickness reaches its optimal value around 20 nm.
However, as the gold film thickness continues to increase from
its optimal value, the resolution for the 40 jtm beam width starts
to getlower than for the cases of 60 and 80 pum beam widths.
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2. Cavity Length

We then characterized the effect of the length of the FP cavity on
the fringe visibility, spectral widths of the fringes, and the wave-
length resolution of the sensor system. We set the beam widths
to be 60 pm, for which case the beam diffraction can be ignored
for a cavity length of 100 pm, as discussed in Section 4.B.1.
Figure 5(a) shows the FWHM width of the reflection spectral
fringes as a function of the silicon cavity length for different gold
film thicknesses. The spectral width monotonically decreases
as the cavity length increases, which is expected because the
ESR is inversely proportional to the cavity length. As discussed
in Section 4.B.1, a thicker gold film always leads to a narrower
spectral notch at a given cavity length. Figure 5(b) shows the
fringe visibility as a function of cavity length for different gold
film thicknesses. In general, the visibility does not vary signifi-
cantly over the range of simulation (10-200 pm). Fora 10 nm
thick gold film, the visibility shows a slight increase with the
cavity length, while for other thicknesses of simulation, the vis-
ibility decreases slightly with the cavity length. When the gold
film thickness is 20 nm, the visibility is > 95% over the cavity

length range. Figure 5(c) shows the wavelength resolution as a
function of cavity length, assuming the same noise characteris-
tics as used in Section 4.B.1. It is seen that the case of the 20 nm
gold film thickness has a similar resolution with the case of the
30 nm gold film thickness for the cavity length below 110 pm.
With increase of the cavity length (>110 pm), the values of the
wavelength resolution of the sensor with the 30 nm gold film
become larger than that with the 20 nm gold film. Again, the
wavelength resolution is dependent on both the spectral width
and the visibility of fringes, and a narrower spectral width and
higher visibility favor a higher resolution. As shown in Figs. 5(a)
and 5(b), for the case of 20 nm gold film thickness, the spectral
width continuously decreases as the cavity length increases and
is approximately inversely proportional to the cavity length,
so the visibility shows an approximately linear decrease with
the cavity length. Compared with the visibility of the 20 nm
gold film, the 30 nm film shows a larger decrease of visibility. In
addition to the cases of 20 nm and 30 nm gold film thickness,
similar variation happens to the cases of 10 nm and 40 nm gold
film thicknesses, as shown in Fig. 5(c). We also noticed small
fluctuations in Fig. 5(c), which are attributed to the variations
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of the pixel distribution relative to the fringe valley position.
Measurement resolution decreases monotonically as the cavity
length increases. In practical applications, the maximum cavity
length is limited by many factors such as required spatial res-
olution, required sensor size, and fabrication capability. The
simulation has a maximum length of 200 pm for the silicon FP
cavity, corresponding to an optical length of almost 700 pm,
which is above the typical cavity length used for a fiber-optic
EPFIsensor.

3. Wedge Angle

In practice, due to the limited fabrication accuracy, the two
surfaces of the FPI may not be perfectly parallel, and they may
form a wedge angle. It is important to understand the effect of
the deviation from the ideal parallelism on the sensor perform-
ance. As shown in Fig. 6(a), we assume that the front mirror is
perpendicular to the fiber axis (z axis) of the lead-in fiber, and
the mirror at the far end has an angle of o with respect to the x
axis. The wedge results in a lateral and angle mismatch between
the intracavity light beam and the optical mode of the fiber
at the coupling plane. For the light beam after 7 round trips in
the cavity, the angle and lateral mismatch are 6,, = 2ma and
d,, = 2m*dsa [27], respectively, and the coupling coefficient is
given by
2,2
- 2 efpa’,zn(lfg)e—%e*i/m’mém(lfg)e,'(bm’ (13)
wyw),,q

where p =g — 1/w}, and ¢,, = k2md; — tan™' 2m D/ z) is
the phase due to wave propagation. The derivation of Eq. (13)
can be found in Supplement 1. Substituting 1,, into Eq. (2) and
using Eq. (12), the reflection spectrum of the sensor is obtained.

In the simulation, we assume that the beam width is 60 pm,
and the cavity length is 100 pm. Figure 6(b) shows the spectral
width of the fringes as a function of the wedge angle in the range
of 0-0.3° for different gold film thicknesses. For larger thick-
nesses (>30 nm) of the gold film, the spectral width increases
rapidly with the wedge angle when the wedge angle is less than
0.2°. For smaller thicknesses of the gold film, the spectral width
shows little increase with the wedge angle for small wedge
angles and large changes when the wedge angle becomes larger
(<0.2°). When the wedge angle is increased to 0.2° or larger, the
spectral width is independent of the film thickness. The effect
of the wedge angle on the fringe visibility is also dependent on
the gold film thickness, as shown in Fig. 6(c). For larger thick-
nesses (>20 nm), the fringe visibility monotonically decreases
as the wedge angle increases. For smaller film thicknesses, as the
wedge angle increases, the fringe visibility increases first, reaches
its maximum value, then starts to decrease. This behavior is
expected because a very thin gold film for the front mirror has
a smaller reflection compared with the thick gold film for the
back mirror. As the wedge angle increases, it reduces the cou-
pling efficiency of the light reflected from the back mirror to the
fiber, and the light beams coupled back to the fiber from both
mirrors become more balanced, resulting in a larger visibility.
The visibility reaches its maximum value when the two beams
are balanced and starts to decrease as the wedge angle continues
to increase when the beam coupled to the fiber from the back
mirror is weaker than from the front mirror. The simulated
wavelength resolution as a function of wedge angle is shown
in Fig. 6(d) using the same noise characteristics as discussed
in Section 4.B.1. For large gold film thickness (=20 nm), the
value of the wavelength resolution rapidly increases as the wedge
angle increases. For example, the resolutions are worsened by
more than 10 times when the wedge increases to 0.2° from 0
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for all three cases with gold film thickness >20 nm. For the
two small gold film thicknesses (5 and 10 nm), as the wedge
angle increases, the value of wavelength resolution decreases
initially due to the increased fringe visibility before reaching its
minimum value and starting to increase.

C. Resolution Estimation

The above analysis shows that the suite of sensor structural
parameters including the gold film thickness, cavity length, and
wedge angles, as well as the beam size of the interrogation light,
have a compounding effect on the spectral shapes and wave res-
olution of the sensors. It is challenging to analytically relate the
structural parameters to the resolution performance of sensors.
Enlightened by the analysis and results obtained for sensors with
simple Lorentzian spectral shapes in Section 2, we can obtain an
empirical equation relating these two spectral parameters with
wavelength resolution, which will provide a valuable guideline
in the sensor design. Toward this end, we analyze the simulation
results obtained in Section 4.B to relate the wavelength resolu-
tion with the spectral width and fringe visibility at a given noise
level without considering the sensor structures and beam size of
the probe light. First, we group the data according to the fringe
visibility, which allows us to plot the resolution as a function of
82 at different levels of fringe visibility on the logarithmic scale,
as shown in Fig. 7(a). The linear fictings of the data for the three
different fringe visibilities show similar slopes close to an average
of 0.57. Similarly, we group the data according to the spectral
width and scales with (1 4+ 1/V) /2 for a given spectral width, as
shown in Fig. 7(b).

Combining the observations above, we obtain an empirical
equation for estimating the wavelength resolution from the
fringe visibility and the spectral width of the reflection fringes:

0.57
Res=y o2 (1+l), (14)

2 4

where y is a coefficient determined by the noise level. This
empirical equation separates the contributions to the sen-
sor resolution from the system noise (y) and from the
sensor itself [ *X/8A(1+1/V)/2]. As a result, we can use
“/8x(1 +1/V)/2 as an FOM for the sensor, which is inher-
ent to the sensor and independent of the system noise. To test
the validity of the empirical function, we obtained a set of
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Fig. 8. Simulated sensor resolution versus *3/8A(1 + 1/V)/2 for

two different noise levels.

0.02 -

spectral frames with different combinations of spectral width,
and the fringe visibility randomly adjusted the parameters of
the sensor. We then obtained the wavelength resolution of the
sensor through Monte Carlo simulations for two different noise
levels, which is plotted against "X/8A(1 4+ 1/V)/2,as shown in
Fig. 8. It is seen that the data points form two clusters according
to the noise level and, for each cluster, the data points are dis-
tributed along a line, indicating the reliability of the empirical
equation in predicting the noise performance of the sensor from
the spectral width and the visibility of its reflection fringes.

5. CONCLUSION

We presented a model to study the noise performance of fiber-
optic EFPI sensors with planar metal mirrors. In this model,
we assumed that the sensor is operated in a white noise limited
regime, and the wavelength interrogation method is applied for
the sensor demodulation. To validate our model and simula-
tion method, we use a metal mirrored silicon EFPI sensor as an
example. The simulation and experimental results of the silicon
EFPI sensor agree with each other reasonably well, indicating
the validity of the simulation model in the analysis of the noise
performance of the EFPI sensor with metal mirrors. Taking
advantage of this model, we theoretically studied the effects
of key parameters of the FP cavity, including the metal mirror
thickness, beam width, cavity length, and wedge angle, on the
sensor noise performance. Based on the simulation results, we
find that the wavelength resolution of the EFPI sensor is highly
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dependent on the visibility and bandwidth of the reflection
fringes. We propose an empirical equation for estimating the
noise of the sensor system and a formula involving visibility
and bandwidth of the reflection notches that can be used as the
FOM to characterize the inherent sensor noise performance.
Our work provides a useful tool for designing, constructing, and
interrogating fiber-optic EFPI sensors with metal mirrors.
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