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Abstract

The effect of the position of an edge filter within a ratiometric wavelength measurement
system was investigated based on three cases: (1) the reflected fibre Bragg grating (FBG)
signal passes through both the reference arm and the edge filter arm, (2) the reflected FBG
signal is connected directly to the edge filter arm and does not pass through the reference arm,
(3) the edge filter sits in line with the FBG and thus the source power is filtered prior to
reaching the FBG. Both numerical simulations and experimental results show that cases 1 and
2 have similar system performance whilst case 3 is the best arrangement which offers the

highest wavelength resolution.
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(Some figures in this article are in colour only in the electronic version)

1. Introduction

The extraction of wavelength information in optical sensing
systems is a very common function [1, 2]. One particular
example is fibre Bragg grating (FBG)-based optical sensing
systems which have attracted wide interest because of their
unique advantages such as immunity from electrical and
magnetic interference, and chemical resistance [3]. It is
widely used in bridge [4], river surveillance monitoring, civil
structural monitoring and aerospace health monitoring [5], etc.
In all these applications, monitoring of wavelength shifts is a
critical function. There are various techniques for extracting
wavelength information such as a ratiometric approach
[6-8], scanning Fabry—Perot filters [9] and unbalanced Mach—
Zehnder interferometers [10]. Among these technologies,
ratiometric wavelength measurement is a simple, high-speed
and cost-effective scheme compared to other schemes. A
detailed analysis of the effect of the optical source, signal-
to-noise ratio (SNR) and the transmission response of the
edge filter has been provided in previous investigations
[8]. However, to the best of our knowledge, there has
been no report on an investigation of how to achieve a
maximum resolution based on the arrangement of the existing
components in a ratiometric system. How to use the existing
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components to achieve the best performance is very important
in an optical sensing system. This paper describes an
investigation of the effect of the position of the edge filter in a
ratiometric wavelength measurement system. In section 2,
three possible arrangements for the position of the edge
filter within a ratiometric interrogation system are provided
and numerical simulations were carried out. In section 3,
experimental verification is reported using a FBG temperature
Sensor.

2. System description

There are three usable positions for the edge filter in a
ratometric system. A schematic diagram of the three cases
is shown in figures 1(a)—(c): (1) the reflected FBG signal
passes through both the reference arm and the edge filter arm,
(2) the reflected FBG signal is connected directly to the edge
filter arm and does not pass through the reference arm, (3) in
this case the edge filter is moved so that it sits in line with the
FBG and thus the source power is filtered prior to reaching the
FBG.

All the three cases utilize a reference arm to compensate
for the power fluctuations in the input optical source.

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Schematic diagram of the ratiometric interrogation system with (a) case 1, (b) case 2 and (c) case 3.

In case 1 as shown in figure 1(a), the reflected FBG signal
is divided into two paths by a splitter: one goes directly to
the photodiode acting as a reference signal, the other goes
through an edge filter and detected by a photodiode. This is
the common case in a ratiometric system [11]. A change in
temperature or strain will alter the FBG reflected wavelength,
and the power detected by the photodiode at the signal arm
will change due to the response of the edge filter. The changed
power ratio will allow extraction of the wavelength shift of
the FBG. Case 2 as shown in figure 1(b) is similar to case 1
except for the use of the optical source power instead of the
reflected FBG signal as a reference. In case 3, the edge filter
was arranged between the circulator and FBG which means
that the optical signal goes twice through the edge filter—this
should increase the effective slope of the edge filter and hence
improve the resolution of the ratiometric system.

The ratio of the ratiometric system in cases 1-3 can be
expressed as (1)—(3), respectively,

_ J1G)G,(W)T(0) dr+ N,
R0 = IOIOg“’[ T10)Gry (o dr+ N, } M
_ J1G)G, ()T (A)dr+ N,
R(ho) = 1010g10[ T1G)dr+N, } @
_ J1G)T ()G, (MT () dr+ N,
R(ho) = 1010g10[ [Ty dr+N, } &)

where I(A) is the optical power spectral density of the
broadband optical source, T'(}) is the transmission response
of an edge filter, G,,(A)and A are the transmission response
and the centre wavelength of the FBG, respectively, Ne and Nr
are the background noise of the photodiodes at the arm of the
edge filter and the reference signal, respectively.

Assume that the transmission response of an edge filter
T(}) in a wavelength range from XA; to A, is a triangular
spectrum which can be expressed as

10log ([T (A)] = 101logo[T (A1)]

+m|A — Aql A< Ag <A

“

where m and A, are the slope and peak wavelength of the edge
filter, respectively.

The output spectral response of a FBG can be
approximated by a Gaussian function with a 3 dB spectral
width AAy and centre wavelength A [12]:

1010g,o[G 1, (M)] =
A—ho\2
10log g exp [—4In2(*572)"] |2 — ol <2 1
-5 |)\ - )\.0| > Q )\]

SAS A
SA< A

)
where S is the SNR of the optical signal and €2 is determined
by the optical source with a given noise level which can be
expressed as

a \2
101 —4In2| — =-S.
0810 {eXP|: n <Ako> i“

3. Numerical simulations

(6)

3.1. Influence of the spectral response of an optical source

Since the output of an optical source at a wavelength range
from 1500 to 1600 nm is not flat which could either be a
constant or having a linear slope m;. Investigations were
firstly carried out on the influence of the spectral response of an
optical source for all the three cases above and the simulation
results are shown in figure 2. The parameters used in our
simulations were —90 dBm as the equivalent background noise
of both photodiodes and a 1 dB insertion loss for the edge filter,
A1 = 1540 nm, A, = 1560 nm, Ay = 1550 nm, AAg = 1 nm,
§=20dBand m = 10 dB nm~".

Figures 2(a)—(c) show that case 3 has the largest slope
(hence the best resolution) no matter whether the slope of an
optical source is a constant or a positive or a negative value.
Figures 2(b) and (c¢) indicate that when the slope response of
the optical source has the same direction with that of the edge
filter, the slope of the ratiometric system in case 2 is larger than
that in case 1. The maximum slopes in case 3 in figures 2(a)—
(c) are 15.9, 16.58 and —16.58 dB nm~! respectively, which

Q2
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Figure 2. Simulated ratio slope in three cases with the optical source: (a) m, = 0, (b) m; = —1 and (¢) my; = 1 dB nm~".

are larger than the slope of the edge filter (10 dB nm~') used
in our simulations. This is because the signal passes twice
through the edge filter, and hence the equivalent slope of the
edge filter is twice that of the real one. This result indicates that
with the same components in a ratiometric system, different
physical arrangements will have different performances and
that case 3 is likely to be the best arrangement of the three
cases.

3.2. Influence of the SNR of FBG

Figure 3 gives the simulation results of the influence of the
SNR of FBG on the system ratio. In this simulation, we
assume the output of the optical source is a constant. The
other parameters are the same as above.

Figure 3 shows that the SNR of the FBG has a significant
influence on the system performance. When the SNR of the
FBG is 40 dB, the maximum slope in cases 3 and 1 is 20
and 10 dB nm~', respectively; when the SNR of the FBG
drops to 20 dB, the maximum slope in cases 3 and 1 also
drops to 15.9 and 9.1 dB nm~!, respectively. Figure 3 also
shows that the influence of the SNR of the FBG in case 3 is
more significant than that in cases 1 and 2. When the SNR
of the FBG is 40 dB, in a wavelength range 5.18 nm (from
1547.4 to 1552.58 nm) the slope in case 3 is larger than that in
cases 1 and 2. However, when the SNR of the FBG drops to
20 dB, the wavelength range where the slope in case 3 is larger
than that in cases 1 and 2 drops to 3.26 nm (from 1548.36 to
1551.62 nm).

Slope (dB/nm)

-154

-20-

1548 1550 1552 1554

Wavelength (nm)

1546

Figure 3. Simulated ratio slope in three cases with different SNR of
the FBG.

3.3. Influence of the slope of the edge filter

The slope of the edge filter employed in the ratiometric system
is an important factor which will influence the performance
of the system. Figure 4 shows the simulation results for the
influence of the slope of the edge filter on the ratiometric
system. In the simulation, we assume the SNR of the FBG
is 20 dB and the other parameters are the same as before.
Figure 4 shows that as the slope of the edge filter increases
from 5 to 10 dB nm~!, the maximum slope of the system in
all three cases increases. It can be seen from figure 4 that the
slope response versus wavelength in case 3 corresponding m =
5dB nm™! overlapped with that in cases 1 and 2 corresponding
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Figure 4. Simulated ratio slope in three cases with different slopes
of the edge filter.

m = 10 dB nm~!, which indicates that the ratio response in
case 3 employing an edge filter with slope of m = 5 dB nm™!
is the same as that in case 1 and 2 employing an edge filter
with slope of m = 10 dB nm™!.

4. Experimental verification

Experimental verifications were carried out by using a FBG
temperature sensor and a thin-film filter as an edge filter. The
spectra of the thin-film edge filter, FBG and the measured ratio
versus temperature are shown in figure 5.

In case 1, the optical power in the reference arm is
provided by the reflected FBG signal whose power is much
lower than the broadband source which provides the reference
power in cases 2 and 3. The absolute value of the measured
ratio is thus very different for case 1 compared to cases 2 and 3.
However, for comparison purposes for the measured ratios, the
three curves are normalized to a common ratio value of 0 dB at
10 °C. Figure 5 shows that as the temperature increases from
10 to 70 °C, the measured ratio increases monotonically in
all three cases. However, the rate of increase (corresponding
to the slope) is significantly different. The discrimination
in case 3 is the largest of the three cases indicating that
case 3 has the best resolution. Figure 5 also shows that the
maximum difference in the measured ratios between case 3
and other cases is circa 1.5 dB, which agrees well with the
simulated results in the inset to figure 2(a), given that (1)
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Figure 5. Measured ratio versus temperature and spectra of the thin
film and FBG.

the maximum temperature-induced wavelength shifts in our
experiments were relatively small (around 0.6 nm, assuming
a 10 pm oC! wavelength shift for the FBG) and (2) the FBG
operates close to the peak of the triangular edge filter response.

To further investigate the effect of the different slopes
(and hence the different resolutions) of the three cases, an
incremental step change of 0.5 °C for a low-temperature
range from 9 °C to 10 °C and a high-temperature range from
69 °C to 70 °C was applied to the FBG sensor over a period of
20 s. The measured ratio variations versus time are shown in
figure 6.

To allow for a valid comparison of the three cases, we have
used separate but aligned graphs. Figure 6 shows that for both
temperature ranges cases 1 and 2 have a similar resolution and
case 3 has the best performance, which verifies our numerical
simulations above.

5. Conclusion and discussion

The investigations on the effect of the position of the edge
filter in a ratiometric wavelength measurement system were
provided based on three cases: (1) the reflected FBG signal
passes through both the reference arm and the edge filter arm,
(2) the reflected FBG signal is connected directly to the edge
filter arm and does not pass through the reference arm, (3) the

L 430004ttt 4 38,094t
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Figure 6. Measured ratio variations versus time at (a) 9 and 10 °C and (b) 69 and 70 °C.
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edge filter sits in line with the FBG and thus the source power is
filtered prior to reaching the FBG. Numerical simulations and
experimental verifications were carried out and the conclusion
is that case 3 could achieve the best performance and
cases 1 and 2 have similar wavelength resolution but lower
than that in case 3. However, it should be noted that for real-
world applications where component performance can drift
with time, case 1 has the advantage that drift in circulator
insertion loss does not affect system performance because
of the referencing arrangement used. Cases 2 and 3 cannot
compensate for circulator insertion loss drift and thus such
drift may have a negative impact on system accuracy over
time. If drift in the circulator insertion loss is found to be
problematic, then case 1 can be used, but in order to achieve
the same resolution as case 3, an edge filter with a substantially
higher slope will be required.
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