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Curvature and Temperature Discrimination
Using Multimode Interference Fiber Optic
Structures—A Proof of Concept

Susana Silva, Edwin G. P. Pachon, Marcos A. R. Franco, Pedro Jorge, J. L. Santos, F. Xavier Malcata,
Cristiano M. B. Cordeiro, and Orlando Frazao

Abstract—Singlemode-multimode-singlemode fiber structures
(SMS) based on distinct sections of a pure silica multimode fiber
(coreless-MMF) with diameters of 125 and 55 ;tm, were reported
for the measurement of curvature and temperature. The sensing
concept relies on the multimode interference that occurs in the
coreless-MMF section and, in accordance with the length of the
MMF section used, two fiber devices were developed: one based on
a bandpass filter (self-image effect) and the other on a band-rejec-
tion filter. Maximum sensitivities of 64.7 nm-m and 13.08 pm/°C
could be attained, for curvature and temperature, respectively,
using the band-rejection filter with 55 4m-MMF diameter. A proof
of concept was also explored for the simultaneous measurement of

curvature and temperature by means of the matrix method.

Index Terms—Curvature, multimode interference, optical fiber
sensors, SMS fiber structure, self-imaging, simultaneous measure-
ment, temperature.

I. INTRODUCTION

ULTIMODE INTERFERENCE (MMI) is a well-es-
tablished concept in integrated optics and recently
in optical fibers [1], [2]. MMI-based fiber devices have been
explored for several applications using either the self-imaging
phenomena or the band-rejection filtering [2], [3]. MMI devices
usually rely on a singlemode-multimode-singlemode (SMS)
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fiber configuration where a step-index multimode fiber (MMF)
is used. To obtain a bandpass filter, a specific MMF length
corresponding to the self-imaging phenomena is required [1].
In other hand, a band-rejection filter is achieved in the operation
wavelength of 1550 nm with ca. 40 mm-long MMF section [2].
Recently, it was demonstrated that controlling the process of
the taper fabrication in the MMF region it is possible to attain
a bandpass filter in the desired operation wavelength [4].

MMI fiber devices have been developed mainly for fiber laser
applications [5] or sensing elements like strain [6], temperature
[7], curvature [8], refractive index [9] and simultanecous mea-
surement of strain and temperature [10], [11]. Recently, a cur-
vature SMS sensor with residual sensitivity to temperature and
strain was also proposed [12].

This work presents a detailed study of SMS fiber structures
based on a coreless-MMF for the simultaneous measurement of
curvature and temperature. Two different fiber structures were
developed as bandpass filter (self-image concept) and band-re-
jection filter. Also, MMFs with 125 and 55 pum diameter were
used for each device. Finally, a matrix equation is proposed for
simultaneous measurement of the physical parameters analyzed.

II. EXPERIMENTAL RESULTS

The sensing head consists of a SMS fiber structure, i.c., a
coreless-MMF section (pure silica rod) spliced between two
SMFs and interrogated in transmission, as it is schematically
shown in Fig. 1. A broadband source (BBS) in the 1550 nm
spectral range and 300 nm bandwidth was used, and an optical
spectrum analyzer (OSA) as the interrogation unit. The prin-
ciple underlying the SMS fiber structure concept is based on
the premise that when the light field coming from the input
SMF enters the coreless-MMF, interference between the dif-
ferent modes occurs along the MMF section.

The light is coupled into the output SMF—and it will depend
on the amplitudes and relative phases of the several modes
at the exit end of the coreless-MMF. Therefore, the coupling
efficiency, for a given length L of the MMF section, is strongly
wavelength-dependent. In this work, the operating mechanism
of the sensing head relies on either constructive or destructive
interference at the output end of the coreless-MMF section,
which occurs for a specific length of the MMF used. The result
is a bandpass (BP) or a band-rejection (BR) filter with unique
spectral characteristics that, in principle, will have different

0733-8724/$31.00 © 2012 IEEE
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Fig. 1. Experimental setup and detail of the coreless-MMF based-SMS fiber structure.

TABLE 1
OPTIMIZED LENGTH OF THE CORELESS-MMF SECTIONS

Coreless-MMF length (mm)

Bandpass filter Band-rejection filter
SMS25 58.23 14
SMSs; 11.45 26.4

sensitivities to curvature. For each sensing device, two core-
less-MMFs with different diameters were used, namely 125 and
55 pm (SMS125 and SMSss, respectively). Splices between the
SMF and the 55 pm-coreless-MMF were performed manually
with a fiber fusion splicing machine. Due to the smaller diam-
eter of this fiber, perfect alignment in the splicing process could
not be guaranteed; a maximum misalignment of ~5 pm for
SMSg5 was estimated. When the 125 um-coreless-MMF was
used, automatic splice could be performed (SM-MM program).
The length of each coreless-MMF section was set in order to
provide a bandpass or a band-rejection peak in the operation
wavelength range of 1400-1700 nm. The optimized length
found, for each coreless-MMF section of each sensing head, is
summarized in Table I as follows:

In the case of the bandpass filter based-sensors, the first self-
image length was selected for experimental analysis. Previous
studies have shown that the first self-image (and multiples) ex-
hibits minimum losses and therefore maximum amplitudes of
the spectral signals may be achieved [3]-[9].

Taking the case of the bandpass filter (self-imaging effect),
a 3D-simulation based on the BPM method [13] was used to
investigate the beam behavior in the coreless-MMF section of
an SMS fiber structure in transmission. The modeling of light
propagation was done for a pure silica rod with a refractive
index (RI) of 1.444, external RI of 1.0, and two different diam-
eters, viz. 55 and 125 pim. SMFs with core and cladding diam-
eters of 8.2 and 125 pm, respectively, were used for both light
input and output of the coreless-MMEF section. All fibers were
aligned along the same axis and possessed a circular cross-sec-
tion. The number of propagating modes in each MMF was also
estimated [14]: values of ~7000 and ~35000 were found for
the 55 and 125 ysm-diameter coreless-MMFs, respectively. The
intensity distribution of the electric field on the zz plane at
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Fig. 2. Intensity distribution of the electric field on the xz plane at 1550 nm-
wavelength, for the bandpass filters with (a) 125 pm and (b) 55 pm core-
less-MMF diameters.

1550 nm-wavelength, for the simulated bandpass filters with
diameters of 55 and 125 pm are plotted in Fig. 2(a) and (b),
respectively.

The numerical simulations have shown that the optimized
MMF length was 11.5 and 58.9 mm, for the fiber structures
with coreless-MMF diameters of 55 and 125 pm, respectively,
which is in agreement with the experimental values presented
in Table 1.

A. Bandpass Filter Based-SMS Fiber Sensor

Bandpass filtering arises from the self-imaging effect which
occurs when the light field at the input of the coreless-MMF sec-
tion is replicated on its output, in both amplitude and phase, for
a specific wavelength. At the exit end of the coreless-MMF, all
the light field condensates into one point, due to constructive in-
terference between the several modes, to be recoupled into the
output SMF, and thus providing a well defined bandpass wave-
length peak. Fig. 3 presents the first self-image spectral response



SILVA et al.: CURVATURE AND TEMPERATURE DISCRIMINATION

Normalized Optical Power

0.0 1 1
1400 1440 1480 1520 1560

Wavelength (nm)

1 1
1600 1640 1680

Fig. 3. Spectral responses of the bandpass filters with coreless-MMF diameters
of (a) 125 and (b) 55 ym (BP—SMS ;25 and BP—SMSs5;5, respectively).

of the bandpass filters with coreless-MMF diameters of a) 125
and b) 55 pm (BP—SMS;95 and BP—SMS55, respectively).

The sensing structures, BP—SMS;55 and BP—SMS55, have
a wavelength peak centered at 1544.8 and 1522.4 nm, respec-
tively. The behavior of each resonance when subjected to curva-
ture was characterized by fixing each SMS fiber structure at two
points, 250 mm distanced from each other; one of these points
is a translation stage that allows the fiber to bend (see Fig. 1).
The bending displacement, d, was applied to each SMS via se-
quential 40 gm-displacements.

Hence, the curvature (1/R) of the fiber structure changed
by 2d/(d* + [?), where [ is the half distance between the
two fixed points. The obtained results are depicted in Fig. 4.
Results show that both sensors have linear responses in the
curvature range studied (1.28-1.52) m~'. Also, sensitivities
to curvature of (11.3 £ 0.2) nm-m and (38.1 £ 0.7) nm-m,
for BP—SMS455 and BP—-SMS5;5, respectively, could be
achieved. Typically, the field profile of an SMS fiber structure
is symmetrically distributed along the direction of propagation
of the coreless-MMF. Although, when curvature is applied,
this symmetry is broken. Fig. 5 shows an example of the loss
of symmetry when curvature is applied to BP—SMSss5.

B. Band-Rejection Filter Based-SMS Fiber Sensor

Multimode interference characterizes by the field profile vari-
ation along the MMF section, although remaining symmetri-
cally distributed along the direction of propagation.

The band-rejection filter appears in a specific operation wave-
length when interference between specific modes is destructive
in the core region. This effect may be observed with different
lengths of the coreless-MMF. The result is the amplitude de-
crease of the spectral signal in such way that a band-rejection
based-spectral response is observed. Fig. 6 shows the optical
spectra of the band-rejection filters with coreless-MMF diam-
eters of a) 125 and b) 55 pm (BR—SMS;25 and BR—SMS55,
respectively).

Each sensing structure presents a wavelength band-rejection
centered at 1540.2 and 1576.7 nm, for BR—SMS;,5 and
BR—SMSss5, respectively. These fiber structures were also
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Fig. 4. Curvature response of the bandpass filters, (o) BP—SMS 25 and ()
BP—SMSss.

X (um)

Fig. 5. Intensity distribution of the BP-SMS;;5 electric field on the xz plane
at 1550 nm-wavelength, and for different curvatures applied: (a) straight fiber,
()R =50 cmand (¢c) R = 30 cm.

characterized in terms of curvature. Each sensing device was
fixed at two points, 250 mm distanced from each other. The
bending displacement, d, was applied by means of the transla-
tion stage via sequential 25 psm-displacements. The sensitivities
to curvature are presented in Fig. 7.

One can observe that both sensors have linear responses in the
curvature range studied (1.28-1.52) m~!, and sensitivities of
(=12.1£0.1) nm'm and (—64.7£0.5) nm-m, for BR—SMS;25
and BR—SMSs5;5, respectively, could be attained. Table II sum-
marizes the attained results.

Similar to the bandpass filter, interference between higher-
order modes is more affected by bending of the MMF section,
while lower-order modes are focused within a smaller area near
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Fig. 6. Spectral responses of the band-rejection filters with coreless-MMF
diameters of (a) 125 and (b) 55 ym (BR—SMS, 25 and BR—SMS;;,
respectively).
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TABLE 11
CURVATURE SENSITIVITIES OF THE SMS FIBER STRUCTURES

Sensitivity to curvature (nm.m)
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Fig. 8. Wavelength shift versus temperature variation for the bandpass filter.
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Fig. 9. Wavelength shift versus temperature variation for the band-rejection
filter.

TABLE III
TEMPERATURE SENSITIVITIES OF THE SMS FIBER STRUCTURES

Sensitivity to temperature (pm/°C)

Bandpass filter Band-rejection filter
SMS; 5 11.3 -12.1
SMSss 38.1 -64.7

the fiber core and are consequently less affected by the bending
disturbance. Therefore, both filter types will present sensitivity
increase to curvature with the decrease of the coreless-MMF
diameter.

C. Temperature Measurement

The response of the BP- and BR-SMS sensing heads to tem-
perature variations was also characterized, as shown in Figs. 8
and 9, respectively. Each structure was placed in a tube furnace,
and submitted to increasing values of temperature in the range
0-80°C, with 5°C steps.

Bandpass filter Band-rejection filter
SMS 55 9.44 9.38
SMS;ss 12.88 13.08

The SMS fiber-based filters with the same diameter have sim-
ilar sensitivities to temperature. This was somewhat expected
since the temperature variation does not change the SMF-silica
rod launching conditions; the results are determined by the tem-
perature dependence of the refractive index and the thermal ex-
pansion of the silica fiber material. In both cases, one can ob-
serve that the sensing structures with a 55 ym-coreless-MMF
are more sensitive to temperature; this happens because the mul-
timode interference is more affected by the thermal expansion in
the MMF with a smaller diameter. Table III summarizes the tem-
perature sensitivity values attained for the SMS fiber structures.
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TABLE IV
MATRIX EQUATIONS GIVEN BY THE COMBINATION OF BR AND BP-SMS FIBER STRUCTURES
BP-SMS
55 um 125 pm
§_ AT | _ 1| Kewr-susy) — ~ Kesp-smsss) AAgp_sus, AT | 1| Kewr-susss) — ~ Kesp-sms,s) A gp_sus,ys
% a AC| D|—Krr-susy) Kr(8P-SuSss) | D BR-smsy, AC| D|—Krsr-susys) Kr(BP-smSys) | DBR-smss
0
2| &
=] 3. [AT} _ 1| Ke@r-susys)  ~Kcp-smss) Adgp_sus,, [AT } _ 1| Ke@r-smsas)  ~ KcBp-smsps) Adgp_sus,s
Q AC| D|=Krr-sms,)  Kr(8r-smsy) || AAer-sms,s AC| D|=KrBr-smSps)  KT(BP-SMSs) || AABR-5MS,
TABLE V
MATRIX EQUATIONS WITH THE OBTAINED CURVATURE AND TEMPERATURE COEFFICIENTS, AND
GIVEN BY THE COMBINATION OF BR AND BP-SMS FIBER STRUCTURES
BP-SMS
55 um 125 um
g_ AT _ i —-64.7 —38.1 AZ'BP_SMSSS AT _ L —-64.7 -11.3 A;{'BP‘SMSIZS
§ © | [AC] D[-13.08x107° 12.88x107 | Adgp_gus,, AC| D[-13.08x107 9.44x107 | Adgp_sus.,
0
& g
==} =1 AT _ 1 —12.1 -38.1 Aﬂqu,s/\,]g55 AT _ 1 -12.1 -11.3 A;LBP*SMSlzs
Q AC| D[-9.38x107 12.88x107° || Adgg_suss, . AC| ™ D|-9.38x107 9.44x107 | Adge_guss,

D. Concept for Simultaneous Measurement of Temperature
and Curvature

In this section a proof of concept is explored for the simul-
taneous measurement of temperature and curvature. The objec-
tive is to use the matrix method in order to identify the best pair
of SMS fiber sensors able to perform the simultaneous mea-
surement of both physical parameters. The wavelength shifts
induced by changes in curvature and temperature are given in
the matrix form by:

A)\q‘,’j _ KT, 5 KCij AT
A)\q‘,’j - KT, 5 KCij AC

The measurand values can be calculated by inverting the ma-
trix (1) as follows:

AT _ 1 [ keiy  —keig | | AXij
AC| 7 D | —rrij Frig | | AAi

where ¢, ; and kr; ; are the curvature and temperature coef-
ficients, i, 7 = (BP—SMS or BR—SMS), (55 or 125 ym) and
D (nm?-m/°C) is the matrix determinant. In this case, four ma-
trix solutions are possible as shown in Tables IV and V.

The determinant (D) of each matrix was calculated in order
to determine the best solution for simultaneous measurement of
curvature and temperature. In order to have a sensing head with
proper discrimination performance, the determinant should be
as high as possible [15]. The obtained results are presented in
Table VI as follows:

Q)

2

TABLE VI
MATRIX DETERMINANTS OBTAINED BY THE COMBINATION OF
BR AND BP-SMS FIBER STRUCTURES

Matrix determinant (nm*m/°C)

BP-SMS
55 pm 125 pm
w| 55um 133 -0.76
2| 2F
R %] 125um -0.51 2022

Therefore, the best value attained (—1.33 nm?-m/°C) corre-
sponds to the sensing head composed by a BR—SMS;55 and
BP—-SMS55 in series.

III. CONCLUSION

This work presented an SMS fiber structure based on a sec-
tions of pure silica MMF for the simultaneous measurement
of curvature and temperature as proof concept. Two fiber de-
vices were developed according with the MMF length used: one
based on bandpass filtering (self-image effect) and the other on
a band-rejection filter. Also, two coreless-MMFs with different
diameters were used for each device, viz. 125 and 55 pm, and
its influence to curvature and temperature variations was ana-
lyzed. Experimental results indicated that the sensing structures
using the coreless-MMF with 55 ;zm diameter had highest sen-
sitivity to both physical parameters. In practice, maximum sen-
sitivities of 38.1 and —64.7 nm-m were attained, for the band-
pass (BP—SMSs5) and band-rejection (BR—SMS55) fiber de-
vices, respectively. The temperature sensitivity of each SMS
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fiber device was also analyzed. The obtained results were ex-
plored for simultaneous measurement of temperature and cur-
vature. Using the matrix method it was shown that BR—SMS55
and BP—SMS55 in series is the best combination for multipa-
rameter measurement.
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