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Temperature sensor using fiber ring laser based on
a core-offset Mach-Zehnder interferometer
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The development of fiber optic sensors receives particular interest since they can be used in multiple applications. As a result, fiber optic
laser-sensor schemes had emerged as reliable devices due to their characteristics such as high power, low threshold, and high stability. In this
work, a fiber laser-sensor based on a ring cavity configuration is experimentally proposed. The fiber laser cavity is operated by a core-offset
Mach-Zehnder interferometer used as a wave selection filter and temperature detection device. Here, the proposed fiber laser-sensor exhibits
sensing properties such as the sensitivity of 0.04933 nm/◦C, with a dynamic range of 90◦C and a signal-to noise ratio of 53 dB.
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1. Introduction

One of the most significant advances in lasers is related to the
improved techniques in manufacturing fiber optics; here, new
pumping sources and the use of rare earth improve the fiber
optic laser’s performance [1]. The fiber optic laser presents
some interesting characteristics such as tunable and multiple
wavelengths emissions; thus, several schemes have been pro-
posed. The main component to obtaining tunable and mul-
tiple wavelengths laser emission is the wavelength selector
filter (SWF, Selective wavelength Filter). This filter is imple-
mented in different ways, such as using Fiber Bragg Grat-
ings(FBG) [2,3], Fabry-Perot interferometers (FPI) [4,5],
Sagnac interferometers [6,7], and Mach-Zehnder interferom-
eter(MZI) [8-11].

Within the literature, different types of multi-wavelength
lasers are presented using MZI [9]; in this case, a ring config-
uration is reported, the fiber optic laser uses Ytterbium Doped
Fiber (YDF) as a gain medium. This fiber laser was able to
emit one, two, three, and four peaks, and its emission range
was from 1030 to 1037 nm. The MZI proposed in this work
was implemented by cascading two 50/50 couplers to form
the interferometer’s arms. The technique to control the mul-
tiple emissions was by adjusting the polarization state (PC)
into the cavity; a Polarization Controller adjusts this parame-
ter.

It is essential to notice that for almost 20 years, fiber
optic laser had been applied in various fields such as; spec-
troscopy, optical processing, multiplexing of communication
systems and sensors [12]. The sensing application is attrac-
tive, mainly because it has a high signal-to-noise sensitivity
[13]. However, these lasers are not used as sensors since fil-
ters are sensitive to unstable modal competition caused by
the homogeneous widening at the output spectrum of erbium-
doped fiber [14]. It is important to mention that to obtain a
linear response, the laser emissions require other optical com-
ponents. This work proposes a wave selection filter based on

a Mach-Zehnder interferometer; this filter converts tempera-
ture changes into laser emission changes in a linear range.

2. Methodology

A flow chart is presented in Fig. 1 to describe the fiber optic-
laser sensor procedure.

2.1. Erbium-doped fiber characterization

Q-Photonics semiconductor was used at the maximal current
of 350 mA to pumping an Erbium-doped fiber. The experi-

FIGURE 1. Flow diagram of the implemented schemes.

FIGURE 2. Erbium-doped fiber amplifier scheme.
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FIGURE 3. Spectral erbium-doped fiber response for different
pumping currents.

mental setup used to analyze the doped fiber is presented in
Fig. 2.

The function of WDM (wavelength division multiplex-
ing) is to allow the control of the wavelength, and as a result,
it is possible to observe the performance of the Erbium-doped
fiber; here, the pump power was increased every 10 mA un-
til reaching 300 mA. The Erbium-doped fiber spectrum is
presented in Fig. 3. As can be observed, the spectrum pro-
vides a uniform and flat spectrum in the range of 1540 nm
to 1570 nm; thus, it can be inferred that this region will be
optimal to observe a laser emission due to the minimal modal
competition will be presented. However, it is necessary to
analyze the filter response to guarantee minimal modal com-
petition.

2.2. Fiber Optic Mach-Zehnder Optical Filter

The schematic configuration of the M-Z core offset structure
is presented in Fig. 4. Some parameters govern this structure;
here, the total length (L) plays an important role. The opera-
tion is as follows; the pumping light is divided at the moment
to arrive at the first core-offset section, here the pumping light
travels in two regions: core and cladding, at the end of the
last section, the light is coupled to the core, at this point an
interference is generated.

The joints are made employing an arc electric fusion
joint. The offset implemented was 30µm in each of the arms.
The creation stage can be better appreciated in Fig. 5, where

FIGURE 4. Mach-Zehnder interferometer scheme.

FIGURE 5. Splicer view at the moment to generate the optical fiber
interferometer.

FIGURE 6. Scheme for testing Mach-Zehnder interferometers.

the applied phase shift and the joint inside the electric arc
splicer can be observed.

The scheme used to test the interferometers is shown in
Fig. 6.

The scheme presented in Fig. 6 was used to characterize
all the fabricated interferometers were characterized; their re-
sponse is presented in Fig. 7. The fabrication process reveals
that the optimal offset of 30µm provides a good interference
spectrum with a∼ 10 dB power output. As can be appre-
ciated, both interferometers have different∆λ and visibility;
as a result, it can be expected different responses due to the
modal competition will be altered. The interferometer with
a 6 cm length has a visibility of 10 dB and∆λ ∼ 6 nm; in
contrast, the interferometer with a small length has visibility
of 5.5 dB and∆λ ∼ 7 nm.

The following relation governs the proposed optical fiber
interferometer

I = I1 + I2 + 2I1I2 cos 2π([nco− ncl]/λL), (1)

whereI1 andI2 are the core and cladding modes generated
at the core-offset region. This expression generates an oscil-
lating signal where the phase depends on the effective refrac-
tive index difference of the modes involve(nco− ncl), here,
nco represents the effective refractive index of the core and
ncl of the cladding; moreover, the cavity length (L) and the
wavelength operation (λ) are also considered. An interfer-
ence point (λD) depends on the following relation:

λD = 2(nco− ncl)L/(2k + 1), (2)

here,K is an arbitrary integer that is related to the number
of modes. As can be appreciated, the interferometer’s length
plays an important role in the interference pattern, and this
parameter will affect the free spectral range.

2.3. Temperature response of Mach-Zehnder interfer-
ometer

Before the final configuration, the thermal response of the
MZI is analyzed. Here, the temperature was altered by the
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FIGURE 7. a) Spectrum of M-Z with a 4.5 cm length, b) a 6 cm length M-Z spectrum.

FIGURE 8. Temperature controller used for thermal analysis.

FIGURE 9. Temperature responses of MZI with a length of 6 cm.

temperature controller (see Fig. 8). As a result, the MZI ex-
hibits a precise wavelength shifting to longer wavelengths.
(see Fig. 9). The interference peak centered at 1554.5 nm
is shited to 1558.3 nm; thus, a total wavelength shifting of
3.8 nm is presented for a temperature variation of 90◦C, as

a consequence, a sensitivity of 0.04222 nm/◦C can be ex-
pected. The interference fringes have minimal power varia-
tions. Its response is not linear; however, these aspects alter
the modal competition into a ring fiber laser cavity; thus, it
can be expected a multi-wavelength emission and tunable ef-
fect.

2.4. Laser scheme in a ring configuration

At this point, the WSF was analyzed to be implemented
into the ring laser cavity; the phase modulation presented
in Fig. 11 can be used to modulate the laser response. The
ring fiber-optic laser configuration is shown in Fig. 10. In
this figure, we can observe the components used to achieve
laser emission. The laser is composed of the semiconductor
QPHOTONICS, which has a central wavelength at 980 nm,
followed by a WDM junction; here, the port 1550 nm is used.
An erbium-doped fiber of approximately a total length of 4 m
is used as an active medium, here, the erbium-doped fiber
generates a spectrum in the range of 1500 to 1600 nm, in
turn to a 90/10 coupler to guarantee a coupling union of sig-
nals and allow to monitor the signal, at the same time the
signal continue transmitting the 90 percent in the closed sys-
tem. Moreover, a Mach Zehnder core offset interferometer is
connected as a WSF; also, an optical isolator is spliced to

FIGURE 10. Experimental ring laser arrangement configuration.
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FIGURE 11. Emission laser result of 4.5 cm MZI.

ensure one direction of the light, followed by a polarization
controller used to reduce instabilities and closing the ring
cavity. The laser response is observed at the output coupler
employing the YOKOGAWA AQ630B optical spectrum ana-
lyzer.

3. Results

3.1. Fiber-optic laser results

By using an optical fiber MZI, with a length of 4.5 cm, into
the configuration presented in Fig. 10, a single line emission
is achieved, the emission is centered at 1564 nm and presents
a Side Mode Suppression Ratio (SMSR) of 52 dB, this initial
spectrum can be observed in Fig. 11.

By modifying the interferometer’s length, the spectrum
also suffers an emission change; Fig. 12 shows the spectrum
generated by a 6 cm interferometer. Here, dual laser emis-
sion is achieved, and the maximal output power presented is
53 dB.

FIGURE 12. Simultaneous emission of two laser lines.

FIGURE 13. Fiber optic laser stability results using 4.5 cm inter-
ferometer length.

FIGURE 14. Fiber-optic laser efficiency of 4.5 cm interferometer
length.

3.2. Laser stability and efficiency results

Two parameters are essential to describe the performance of
the fiber laser: stability and efficiency. Consequently, the
spectrum of the 4.5 cm interferometer length is recorded ev-
ery 5 minutes during an hour, and the response is presented
in Fig. 13. This stability analysis shows minimal power and
wavelength fluctuations. Moreover, the efficiency was com-
puted and presented in Fig. 14. Here, a laser efficiency of 47
percent and a laser power of 0.435 mW can be observed.

In Fig. 15, we can observe a double laser emission for a 6
cm MZI which was monitored for 60 min, obtaining changes
in the output power around∼ 0.4 dB approximately and ob-
taining a laser efficiency of 46 percent, with a power of 0.42
mW, as shown in Fig. 16.

3.3. Tunable response for temperature variation

Due to the good performance of the cavity and the filter, a
thermal sensor application is explored. Hence, temperature
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FIGURE 15. Result of fiber optic laser stability using 6 cm inter-
ferometer and dual emission.

FIGURE 16. Fiber-optic laser efficiency with 6 cm interferometer.

variations were applied by using the arrangement and pro-
cedure described above (Sec. 2.3). As a result, an apparent
wavelength shifting is presented.

The output laser spectrum was recorded every 5 degrees
for visual purposes. Figure 17 shows the variations every 15
degrees, with a linear shift of just under 1 nm of shift ev-
ery 15 degrees. In the same way, the results are reported
in Fig. 18 for the 6 cm interferometer. As can be appreci-
ated, the single lasing line presents a wavelength shifting to a
longer wavelength; here, the lasing mode presents a constant
SMSR around 45 dB.

The analyses show a peculiarity in the laser emission;
here, the single lasing line is tuned 0.8 nm when the tempera-
ture is increased by 15◦C steps, resulting in sensitivity around
0.04933 nm/◦C is achieved. A particular characteristic to be
considered for multiwavelength laser emissions is related to
the interferometer’s length. As the silica area increases, the
modal competition is more susceptible to temperature varia-
tions. This effect can be appreciated in Fig. 18.

FIGURE 17. Fiber laser tuning effect between 1560-1564 nm.

FIGURE 18. Output laser tuning effect between 1558-1563 nm.

A dual-wavelength emission starts from minimal temperature
variation (15◦C). This thermal change generates two lasing
modes between 1559 and 1567 nm.

3.4. Linearity in the laser cavity

A study was carried out regarding the linearity on the tem-
perature variation to observe the degree of linear adjustment;
the wavelength shifting is presented in Fig. 19; as can be ob-
served, the laser emission peak within exhibits a linear re-
sponse as the temperature is increased.

The sensitivity of the fiber laser-based o different length
MZI is 0.03333 nm/◦C and 0.04933 nm/◦C.

Tables I and II present an excellent summary of both the
laser emission peak in each of the interferometers when ap-
plying the temperature phenomenon and the degree of linear
adjustment, presented in Fig. 19.
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FIGURE 19. Comparative MZ interferometer shifting response a) 4.5 cm and b) 6 cm for thermal variation.

TABLE I. Fiber laser linear adjustment results.

Linear fit Standard deviation

Laser 6 cm: 0.98009 0.16472

Laser 4.5 cm: 0.98332 0.08958

TABLE II. Wavelength temperature changes for both analyzed interferometers.

Interferometer (cm) Wavelength variation (nm)

4.5 Reference- 15◦- 30◦- 45◦- 60◦- 75◦- 90◦-

1560.75 1561.60 1561.95 1562.33 1562.85 1563.2 1563.75

6 Reference- 15◦- 30◦- 45◦- 60◦- 75◦- 90◦-

1558.49 1559.03 1559.68 1560.41 1561.82 1562.31 1562.93

4. Conclusions

Finally, In this work, a ring fiber optic laser-based on core-
offset MZI was experimentally demonstrated. The develop-
ment of single-mode fiber optic sensors is presented here, the
creation of an optical filters Mach-Zehnder structure is pre-
sented under the core offset technique with a 30µm gap be-
tween body and arms, made in manual manufacturing, the
MZI used as a wave selecting a filter and validated as a
temperature tunable device. This allowed us to develop a
laser in a ring configuration entirely of fiber optic, present-
ing the response in stability and efficiency, obtaining average
laser efficiencies of 40 percent, and stable average powers of

50 dB, and a linear fit over 0.98 in temperature tune. Fur-
thermore, a laser temperature sensor based on a core-offset
Mach-Zehnder interferometer is presented. The experimen-
tal results showed a temperature sensitivity of 0.04933 nm/◦C
with a dynamic range of 90◦C and a signal-to-noise ratio of
53 dB.
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