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Abstract. We present a new configuration based on a fiber
ring laser sensor with four-wave mixing effect generation for
simultaneous measurement of strain and temperature. The
fiber ring laser sensor, corresponding to the signal wave-
length, is based on an erbium-doped fiber amplifier, a highly
nonlinear bismuth-based optical fiber, and a Bragg grating
filter. Four-wave mixing is generated when an external pump
laser is combined with a ring laser sensor. Two new peaks
appear and are named the converted and satellite wave-
lengths. With efficiency conversion, which corresponds to
the optical power ratio between the converted signal and
ring laser input signal, and a Bragg wavelength it is possible
to discriminate strain and temperature. Maximum errors of
+1.8°C and £12 ue are reported over 100°C and 1000 ue
measurement ranges, respectively. © 2007 Society of Photo-

Optical Instrumentation Engineers.
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1 Introduction

In the last several years, the use of fiber Bragg gratings as
sensing elements and mostly for simultaneous measurement
of strain and temperature has had a great evolution in sev-
eral applications. However, a significant limitation of fiber
Bragg gratings is their high intrinsic temperature cross-
sensitivity. The simplest way of measuring strain and tem-
perature is to use physically separated sensing elements,
where one of them is isolated from strain and the second
one has an interaction with the two physical parameters.
Considering this and in order to discriminate these two
physical parameters, the sensing heads based in this tech-
nology use two serial Bragg gratings. Writing of fiber
Bragg gratings in ogtical fibers with different Wavelengths,1
diameters,” doping,” or others features® are examples pro-
posed by researchers in the last few years. These configu-
rations may present some unfavourable aspects such as: the
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use of two pieces of equipment to interrogate the gratingsl
and difficulty in writing fiber Bragg gratings in special
fibers.” In order to solve these problems, several research-
ers proposed the use of a single structure bearing two sig-
natures, measuring other Earameters besides wavelength
such as the optical power” and/or bandwidth. However,
interrogating these sensing heads may carry other sort of
difficulties, since the signatures may be too close and prob-
lems due to source fluctuations are likely to occur.

A research area within optical fiber sensing compre-
hends the nonlinear effects generated in optical fibers that
prove to be sensitive to strain and temperature. These ef-
fects combined with a Bragg grating structure permit to
discrimination of strain and temperature. In 1997, Davis
and Kersey7 presented the use of the Brillouin effect and a
Bragg grating to discriminate these two physical param-
eters. The resolution obtained was 22 ue and 1.9°C. Re-
cently, a long-haul system for simultaneous measurement
of strain and temperature using a Bragg grating combined
with the Raman effect was presented.” The resolution was
0.7°C and 8.64 ue for a temperature range of 70°C and a
strain range of 1800 ue.

This work proposes and demonstrates the use of a four-
wave mixing (FWM) effect to interrogate a single Bragg
grating structure in a ring laser to discriminate strain and
temperature. The generation of the nonlinear effect is ob-
tained due to the highly nonlinear bismuth-based optical
fiber that is illuminated by the combination of the fiber ring
laser sensor and external pump laser diode with distinct
wavelengths. The discrimination of both physical param-
eters is assured when we use the Bragg wavelength com-
bined with the linear region of maximum FWM efficiency.
Comparing both physical parameter responses, a high dif-
ferential sensitivity and a relatively small condition number
were observed.

2 Experimental Details
2.1 Optical Fiber Characteristics

The nonlinear fiber used in this experiment is a bismuth
oxide (Bi,05) based optical fiber (Bi-NLF) kindly supplied
by Asahi Glass Co. Ltd. The nonlinear coefficient of this
fiber is y=1360 Wlkm™, its length L=2.6 m, the
attenuation «=2.2 dB/m, and the chromatic dispersion
D.=-270 ps nm~' km™.

A traditional experimental setup was used for measuring
the FWM efficiency of the Bi-NLF that corresponds to the
ratio between the optical power of the conversion signal
and the optical power of the pump signal. At fiber input,
pump power was 20.23 dBm and signal power was
2.76 dBm. Polarizations were aligned to maximize FWM
interaction and the signal wavelength was varied in 0.1 nm
steps. The resulting power of the FWM converted signal is
represented in Fig. 1. The FWHM bandwidth is approxi-
mately 2.5 nm. This value is acceptable for a sensing head,
corresponding to a range of 250°C and 2500 we for tem-
perature and strain measurement. Nevertheless, Lee et al.’
demonstrated the FWM effect using 40 cm of the same
fiber and the reported bandwidth was approximately 6 nm.
Due to high nonlinear coefficient and low dispersion slope,
this FWM bandwidth is approximately constant within the
entire C band (1530—-1565 nm).
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Fig. 1 Four-wave mixing efficiency using Bi-NLF.

2.2 Experimental Results

Figure 2 shows the proposed fiber ring resonator that incor-
porates a 3 dB optical coupler, the Bi-NLF, and an optical
amplifier with up to 30 dBm of output power. The Bragg
grating sensor is connected to one of the coupler output
ports. The sensor was fabricated using the following fiber:
Corning SMF28 standard single-mode optical fiber, ger-
manosilicate core with 3 mol% of GeO,, cold-
hydrogenated at 100 atm. The Bragg wavelength of the
FBG sensor is 1548.7 nm with ~100% reflectivity. In the
other coupler output port a pump laser diode with 10 mW
of optical power at 1548.2 nm was connected through an
optical circulator. All measurements were recorded using an
optical spectrum analyser with 0.05 nm of resolution. The
sensing head was bonded to a translation stage (TS) with a
displacement resolution of 1 um and placed in a tubular
furnace, with a resolution of 0.1°C.

The response to temperature and strain of the grating
sensor was determined separately. Figure 3 shows the ex-
perimental results obtained when temperature was fixed to
20°C and strain varied up to 1000 ue. The strain coeffi-
cients of the wavelength peak and efficiency conversion are
shown in Table 1. Figure 4 presents the temperature results
when the strain was fixed and the temperature varied be-
tween 20°C to 100°C. Table 2 shows the temperature co-
efficients.

The signal wavelength (\;,,,) and the efficiency con-
version (7) were used and applied in the matrix method.”*

FBG sensor

. Signal (1BG sensor)

Strain / Temperature Applied

Optical power (dBm)

40
1544 1545 1546 1547 1548 1549 1550 1561 1552 1563 1564
Wavelength (nm)

Fig. 2 Fiber ring laser sensor.
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Fig. 3 Response of the fiber laser sensor when temperature is fixed
and strain is varied.

The matrix method can be used to determine the N pa-
rameters to which the sensor head is sensitive. However,
this is only possible if N different characteristics of the
sensing head structure can be independently determined,
and such characteristics change differently under the action
of the N measurands. In a particular case where the sensor
head has linear sensitivities for all parameters, it is possible
to write N independent equations allowing explicit solu-
tions for the actual value of each measurand, even in the
situation where all of them are changing. This concept is
better illustrated in the case where only two measurands are
considered, for instance, the strain-temperature discrimina-
tion, which will be addressed hereafter.

Strain and temperature can be obtained simultaneously
using the following matrix equation:

|: AT1| 1 Ks(ﬂ) - K“J(Sig’ml) |:A)\signal :|

Ae | D An

= (1)
D| = Kr(y

KT(xignal)

where D=Kr(signanKe(n) = Ke(signatyKr(z)- The strain and tem-
perature coefficients K, and Ky, are obtained by fitting the
experimental data using the linear regression presented in
Figs. 3 and 4.

In such conditions, Eq. (1) can be used in order to have
an explicit matrix equation that allows simultaneous mea-
surement of AT and Ae for this sensing head:

AT 1 [=0.84 —1.08 || ANgigna 2
Ae | 2.04] 5.89 10.01 Ay |
In this case D is small, and it is thus important to study the
stability of the matrix. The stability can be calculated
through the matrix condition number. The matrix condition
number is defined as K(Q)=[Q|/[|Q~!|, where | || is the ma-
trix norm induced by a vector norm and () corresponds to

Table 1 Strain coefficients.

Designation (K,)

Signal (FBG sensor) 1.08X1073 nm/ ue

Efficiency conversion (7) -0.84x 1072 dB/ ue
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Fig. 4 Response of the fiber laser sensor when strain is fixed and
temperature is varied.

the matrix with the sensitivity coefficients. If the condition
number is very high (>>1), then a small error in A\ will
introduce a large error in physical parameter AT and Ae. In
Eq. (2) the matrix condition number is 66.79. This value is
satisfactory, resulting in an acceptable conditioned evalua-
tion matrix. Sivanesan et al.' present the condition num-
bers for different dual-fiber grating sensor systems accord-
ing to the reported matrix-element values. The condition
number obtained in this work is small compared with the
conventional sensing head based on two Bragg grating
structures. See Table 3.

The performance of the matrix was evaluated when the
sensing head undertook strain variations in a range of
1000 ue at a fixed temperature (7=50°C) and the other
way around, i.e., temperature variations in a range of
100°C for a specific applied strain (£=500 ue). The re-
sults have maximum errors of +£1.8°C and +12 ue, for
temperature and strain, respectively. The maximum errors
include the errors that come from the use of the linear re-
gression fit, and the errors from the use of the matrix
method.

3 Conclusions

We have demonstrated a new configuration based on a fiber
ring laser sensor with the generation of a four-wave mixing
effect for simultaneous measurement of strain and tempera-
ture. An advantage of this configuration is the use of only
one Bragg grating structure when compared with a tradi-
tional sensing head where two serial Bragg grating struc-
tures are used. Another advantage is the high differential
sensitivity resulting in a relatively small condition number.
On the other hand and due to the generated high power, this

Table 2 Temperature coefficients.

Designation (K7

Signal (FBG sensor) 10.01x 103 nm/°C

Efficiency conversion (7) -5.89x 102 dB/°C
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Table 3 Condition numbers of different dual grating sensors.'®

Dual grating method K(Q)
Two superimposed gratings 123.6
Two different dopings 147.9
First- and second-order resonances 203.29
(1561 nm,789 nm)

First- and second-order resonances 160.78

(1300 nm,660 nm)

sensing configuration enables the sensor head to be re-
motely located without affecting the FWM response. As a
possible future improvement, the interrogation system may
also be able to multiplex several sensor heads by using a
1 X N optical switch, placed between the Bragg grating sen-
sor and the optical coupler.
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