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Abstract 
We investigate a fiber-optic sensor for the simultaneous measurement of temperature and strain. It 
consists of a fiber Bragg grating (FBG) inscribed into a short piece of two-mode fiber (TMF) that is 
spliced in-between a standard single mode fiber (SMF). By monitoring the spectral shift of the Bragg 
wavelength and the mode interference (MI) pattern, both physical quantities can be determined 
simultaneously. The sensor response to temperature and strain was investigated theoretically using a 
numerical sensor model and the results were verified experimentally. The measured temperature and 
strain sensitivities of the MI are found to be 175,3 pm/K and 3,24 pm/µε, which is large compared to 
the FBG having sensitivities of 9,6 pm/K and 1,04 pm/µε. The simultaneous measurement of 
temperature and strain was tested experimentally yielding promising results with maximum errors of 
measurement of 1,5 K and 82 µε respectively. 
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Introduction 
Fiber Bragg gratings (FBG) are important fiber-
optic sensor transducers, yet their cross-
sensitivity to temperature T and strain ε often is 
a challenge in practical applications. Proper 
packaging of the FBG can reduce strain 
influences in a temperature measurement, but 
for strain measurements a second reference 
temperature sensor usually is necessary. 
Several different compensation methods have 
been proposed and investigated [1]. We 
recently proposed a FBG inscribed in a two-
mode fiber for the simultaneous measurement 
of T and ε,  and we refer to it as FBG-MI-sensor 
[2]. In this paper theoretical results that were 
obtained from a numerical model are presented 
and compared to experimental results, showing 
the potential of the proposed sensor for 
simultaneous measurement of T and ε. 

Principle of the FBG-MI-Sensor 
The examined sensor transducer is shown in 
Fig. 1. A FBG is inscribed into a short piece of 
two-mode fiber (TMF, SM2000). For the 
simulations and experiments presented in the 

paper the length of the TMF is 20 cm. By 
splicing the TMF in-between a standard single 
mode fiber (SMF) with a lateral offset of 
∆x = 5,3 µm, both modes LP01 and LP11 are 
excited at the first splice with approximately the 
same power coupling efficiency. Both modes 
propagate along the TMF with different 
propagation constants β01 and β11, resulting in a  

 
Fig. 1. Principle setup of the FBG-MI-sensor and 
measured transmission spectrum. 
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wavelength dependent phase difference at the 
second splice. Thus a periodic mode 
interference (MI) ripple pattern is visible in the 
transmission spectrum shown in Fig. 1. As the 
MI ripple pattern is spectrally shifted if the fiber 
is subject to temperature changes or strain, the 
wavelength λMI of a MI minimum (or maximum) 
can be used as a first measurand for the 
simultaneous measurement of temperature and 
strain. The strong dip in the transmission 
spectrum of Fig. 1 at λFBG is due to the reflection 
of the LP01 mode at the FBG and is used as the 
second measurand. By monitoring the spectral 
shifts ∆λMI and ∆λFBG the temperature change 
∆T and fiber strain ε can be calculated from 
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if the respective temperature and strain 
sensitivities KFBG,T, KFBG,ε, KMI,T and KMI,ε of the 
FBG-MI-sensor are known and the matrix in 
eq. (1) is invertible. 

Sensor Model and Numerical Results 
To gain theoretical insight into the sensor 
properties, the FBG-MI-sensor was modeled 
numerically. The mode-fields of the SMF (core 
diameter 8,2 µm, Germanium mole fraction 
3,5%) and the TMF (SM2000, core diameter 
11,2 µm, Germanium mole fraction 3,75%) are 
calculated using the weakly guiding fiber 
approximation of linearly polarized (LP) modes 
[3]. The mode specific propagation constants 
and the chromatic dispersion were considered 
using the Sellmeier equation with coefficients 
for SiO2 and GeO2 from literature [4]. The 
complex transmission coefficient tFBG(λ) of the 
FBG is calculated using the transfer-matrix-
method [5]. From these calculations the 
transmission spectrum of the whole sensor 
structure can be determined numerically. The 
influence of temperature and axial strain is 
included in the sensor model by considering the 
change of basic physical parameters, namely 
the TMF core diameter, the refractive indices of 
core and cladding, the TMF length and the 
grating period of the FBG. 

In Fig. 2 the calculated transmission spectra are 
shown exemplary for three different values of 
∆T and zero fiber strain, illustrating the spectral 
shift of λMI and λFBG. The MI ripple period ΛMI in 
the simulations was 19,8 nm for a TMF length 
of 20 cm. It represents the maximum 
wavelength shift ∆λMI for which unambiguous 
measurement results can be obtained. The 
theoretical sensor response curves are shown 
in Fig. 3 together with the temperature and 
strain sensitivities that were found from linear 

 
Fig. 2. Calculated transmission spectra of the FBG-
MI-sensor for different temperature changes. 

 
Fig. 3. Simulated sensor response and 
corresponding temperature and strain sensitivities. 

fits to the simulation data. The temperature and 
strain sensitivities of the FBG are in good 
agreement with the expected values from 
literature [6]. For the MI both sensitivities have 
larger values compared to the FBG, with a 
remarkably high temperature sensitivity of 
179,56 pm/K. From the values given in Fig. 3 
the determinant of the sensitivity matrix in eq. 1 
is found to be nonzero, thus eq. 1 can be 
solved for ε and ∆T. 

A simulation of the MI ripple spectrum over a 
large wavelength span is shown in Fig. 4 for 
three different conditions for ∆T and ε. Due to 
the chromatic dispersion of the TMF the ripple 
period ΛMI is not constant over wavelength, but 
is increasing towards a critical wavelength [7], 
which for the examined fiber is located at 
λc = 1400 nm. When comparing the spectral 
shifts of the MI maxima in the marked areas (I -
 IV) in Fig. 4, it is obvious that also the 
sensitivities KMI,T and KMI,ε are varying over 
wavelength with strongly increasing sensitivities 
towards the critical wavelength. From numerical 
simulations it was found that the temperature 
and strain sensitivity changes from 228 pm/K to 
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Fig. 4. MI spectrum over large wavelength span. 

137 pm/K and 10,0 pm/µε to 4,6 pm/µε within a 
wavelength interval of 1500 nm to 1600 nm. For 
a given sensor this means that the temperature 
sensitivity is depending on the actual value of 
the fiber strain and vice versa. As a 
consequence for the simultaneous 
measurement of temperature and strain, a 2-D 
calibration of the MI sensitivities over the full 
measurement range for ∆T and ε would be 
necessary in order to avoid large calibration 
errors. As an alternative to the evaluation of the 
MI wavelength shift ∆λMI, the phase shift ∆ϕMI of 
the MI ripple spectrum can be evaluated, 
strongly mitigating the problem of wavelength 
dependent sensitivities of the MI that is shown 
in Fig. 4. The method is based on phase 
extraction from the measured MI ripple 
spectrum using the fast Fourier transform (FFT) 
[8]. From numerical simulations the temperature 
and strain sensitivity of the MI defined by the 
phase shift ∆ϕMI were found to be linear with 
values of KMI,T = 55,1 mrad/K and 
KMI,ε = 2,2 mrad/µε. The corresponding sensor 
response curves are shown in Fig. 5. 

 
Fig. 5. Simulated MI sensor response for 
evaluation of the phase change ∆ϕMI. 

 
Fig. 6. Simulation of the sensor response for 
simultaneous measurement of temperature change 
and strain for different demodulation methods A and 
B (cross: preset value, circle: recovered value). 

The performance of both demodulation 
methods (A: evaluation of ∆λFBG and ∆λMI, 
B: evaluation of ∆λFBG and ∆ϕMI) was 
investigated numerically by simulating the 
simultaneous measurement of temperature 
change and strain. In both cases the linear 
calibration of the temperature and strain 
sensitivities of FBG and MI is performed with 
reference to ε0 = 0 µε and ∆T0 = 0 K. Fig. 6 
shows the results for both demodulation 
methods A and B regarding the agreement 
between the preset and the recovered values 
for ∆T and ε. As was explained before quite 
large calibration errors may occur for method A, 
due to the wavelength dependence of KMI,T and 
KMI,ε. The maximum calibration errors for the 
examined measurement range are 2,2 K for 
temperature and 20,6 µε for strain 
measurements. Using the demodulation 
method B significantly reduces the calibration 
errors as is illustrated in the lower graph of 
Fig. 6. Here the maximum calibration errors are 
0,4 K and 4,0 µε for temperature and strain 
respectively. 

Experimental Results 
A FBG-MI-sensor was fabricated by inscribing a 
FBG into the TMF with a length of L = 20 cm. 
The experimental setup for the temperature and 
strain calibration is shown in Fig. 7. The sensor 
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Fig. 7. Experimental setup. 

fiber is mounted in two magnetic clamps, one 
being fixed while the other can be moved by a 
translation stage to apply defined axial strain to 
the fiber. The setup is placed in a temperature 
chamber which can adjust the temperature in a 
range from -75°C to 180°C. The amplified 
spontaneous emission of an Erbium-doped fiber 
amplifier is used as a broadband light source 
and the transmission spectrum is recorded by 
an optical spectrum analyzer (OSA) with a 
resolution bandwidth of 0,02 nm and a 
wavelength discretization step size of 2 pm. A 
reference temperature sensor (repeatability 
standard deviation σr = 0,05 K) is used to 
measure the actual temperature in the 
chamber. Fig. 8 shows the measured 
transmission spectra of the FBG-MI-sensor for 
different values of ∆T. The results show a very 
good agreement with the simulated spectra in 
Fig. 2 regarding the ripple period ΛMI, which is 
21 nm for the experiment and 19,8 nm for the 
simulations, and the spectral shift of the MI 
wavelength λMI and the Bragg wavelength λFBG. 

 
Fig. 8. Measured transmission spectra of the FBG-
MI-sensor for different temperature changes. 

The sensor response of the FBG-MI-sensor 
was measured for temperatures ranging from 
25°C to 60°C and axial strain of 0 µε to 
1000 µε. The measurement results are shown 
in Fig. 9 together with the sensitivities that were 
found from the linear fits to the data. Except for 
the smaller value of the MI strain sensitivity KMI,ε 
the experimental results are in excellent 
agreement with the simulated sensor response 
in Fig. 3. The deviation for KMI,ε is supposed to 
result from lacking information about the exact 
fiber parameters, which makes the optimization 
of all simulation parameters in the sensor model  

 
Fig. 9. Measured FBG-MI-sensor response. 

difficult. Yet to get insight into the basic sensor 
properties this deviation is negligible. 

The wavelength dependence of the MI 
sensitivities was investigated exemplary for the 
temperature sensitivity KMI,T. The MI ripple 
spectrum was recorded over a wavelength span 
of 100 nm at different temperatures and the 
wavelength shifts of the multiple MI maxima 
and minima were evaluated, yielding the 
temperature sensitivities at the respective 
wavelengths. In Fig. 10 the measured 
sensitivities are plotted together with the 
simulated curve that was determined from the 
numerical sensor model. Within the measured 
wavelength span the temperature sensitivity 
changes from 185,3 pm/K at 1523 nm to 
135,4 pm/K at 1582 nm. As a consequence by 
changing the interrogation wavelength the 
temperature sensitivity of the MI-sensor can be 
adjusted to very high values. 

 
Fig. 10. Theoretical and measured wavelength 
dependence of the MI temperature sensitivity. 

Simultaneous Measurement Experiment 
The potential of the FBG-MI-sensor for 
simultaneous measurements of temperature 
and strain was tested by applying both 
temperature changes and axial fiber strain to 
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the sensor fiber. For that purpose the FBG-MI-
sensor was mounted in the clamping setup of 
Fig. 7 with a certain amount of pre-strain 
applied to the fiber. Due to the large thermal 
expansion coefficient of the aluminum base 
plate of the clamping setup (αAl ≈ 21,1∙10-6 1/K) 
compared to the fiber (αSiO2 ≈ 0,55∙10-6 1/K), the 
FBG-MI-sensor is subject to additional strain 
when the temperature chamber is heated. To 
distinguish between thermally induced strain 
and applied axial strain in the experiment, the 
effective temperature sensitivity of the FBG and 
MI were measured. The results listed in table 1 
expectedly show larger values for the effective 
temperature sensitivities in case of a pre-
strained sensor fiber. 
Tab. 1: Effective temperature sensitivity and strain 
sensitivity of the pre-strained FBG-MI-sensor. 

 FBG MI 

Eff. temp. sens. [pm/K] 33,5 232 

Strain sens. [pm/µε] 1,04 3,24 
 

From the measured wavelength shifts ∆λFBG 
and ∆λMI the applied fiber strain ε and 
temperature change ∆T were calculated by 
solving eq. 1. The results of the simultaneous 
measurement experiment are shown in Fig. 11, 
where the black squares indicate the preset 
values for temperature changes ∆T and fiber 
strain ε and the red circles indicate the 
measured values.  

 
Fig. 11. Results for the simultaneous measurement 
of temperature and strain. 

The measured temperature changes are in very 
good agreement with the preset values with a 
maximum deviation of 1,5 K. The measurement 
results for strain seem to underestimate the 
preset values, which might be attributed to a 
systematic error caused by the clamping setup 
used in the experiment. A slight slipping of the 
glass fiber relative to the clamped polymer 
coating could be observed, causing the quite 
large deviations between preset and measured 
strain values. The maximum deviation was 
82 µε. From the functional relation resulting 

from eq. 1 between the measurands (∆T, ε) and 
the measured values of ∆λFBG and ∆λMI and the 
standard uncertainties for the wavelength 
measurement and the temperature and strain 
sensitivities, the combined uncertainty of 
measurement u(∆T) and u(ε) can be calculated 
[9]. Taking the wavelength standard uncertainty 
of the OSA of 5 pm and the standard 
uncertainties of the temperature and strain 
sensitivities given in Fig. 9, the combined 
measurement uncertainties are estimated to be 
u(∆T) = 0,77 K and u(ε) = 17,1 µε. 

Discussion 
The combination of a FBG- and a MI-sensor 
and its potential for the simultaneous 
measurement of temperature and strain were 
investigated. A numerical sensor model of the 
FBG-MI-sensor was developed, permitting the 
theoretical examination of the sensor 
properties. The simulation results for the 
temperature and strain response of the FBG-
MI-sensor show the potential for simultaneous 
measurement of both quantities. The theoretical 
results also point out the importance of the 
wavelength dependence of the MI ripple period 
ΛMI and the varying temperature and strain 
sensitivities of the MI-sensor over wavelength. 
To avoid the requirement of complex 2-D 
calibrations over the full measurement range for 
temperature change and strain, the phase shift 
∆ϕMI is evaluated instead of the wavelength 
shift ∆λMI. Numerical investigations approve the 
significantly reduced calibration errors for the 
FFT demodulation method compared to the 
method of evaluating the MI wavelength shift.  

The presented experimental results are in very 
good agreement with numerical results. The 
temperature and strain sensitivities of the FBG-
MI-sensor were experimentally found to be 
KMI,T = 175,3 pm/K, KFBG,T = 9,6 pm/K, 
KMI,ε = 3,24 pm/µε and KFBG,ε = 1,04 pm/µε. The 
measurement uncertainties for temperature and 
strain are estimated to be 0,77 K and 17,1 µε. 
The FBG-MI-sensor was tested in a 
simultaneous measurement experiment, 
yielding very promising results. Both 
temperature change and fiber strain could be 
measured simultaneously by evaluating the 
wavelength shifts ∆λFBG and ∆λMI with maximum 
absolute deviations of 1,5 K and 82 µε. The 
measurement errors could be further reduced 
by optimizing the clamping setup in the 
experiment. Due to the very high temperature 
sensitivity the FBG-MI-sensor has great 
potential as a single-sensor for applications with 
demanding requirements considering the 
temperature resolution and the suppression of 
strain cross-sensitivity. 
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