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ABSTRACT It is demonstrated that in this paper a peanut shaped structure cascaded with up-taper fiber
structure can realize the inter mode interference between the Erbium doped fiber (EDF) core mode and
cladding modes in fiber ring laser (FRL). A simple and inexpensive Mach–Zehnder interferometer (MZI)
based on this structure is proposed. Shown from experimental results, the optical intensity of the core mode
can be coupled into the cladding modes in the first peanut-shaped structure. Then, the light in the cladding
modes can be recoupled into the core mode in the up-taper structure. A high-quality interference spectrum
with a signal to noise ratio about 50 dB was observed. Besides, the structure exhibits good mechanical
stability when compared to MZIs based on taper or offset structure. The temperature sensitivity of the FRL
sensor is 301 pm/◦C and the RI sensitivity is 156 nm/RIU. This kind of MZI will have potential applications
in remote sensing technique and the development of life and health.

INDEX TERMS Erbium doped fiber, fiber ring laser sensor, Mach–Zehnder interferometer.

I. INTRODUCTION
In the last few decades, the development of optical fiber-
based interferometers has shown prospective results with high
resolution and relatively low cost [1]–[3]. Various fiber-based
interferometers play an important role in physical health
monitoring techniques [4], marine monitoring [5] techniques,
aquiculture [6], hazard forecasts [7], etc. Different kinds of
structures have been proposed based on Michelson interfer-
ometer [8], Fabry-Perot interferometers (FPI) [9], fiber Bragg
grating [10], etc. Besides, different structures of optic fiber
temperature sensors based on the peanut-shaped fiber [11],
up-taper fiber [12], and the air-cavity fiber structure [13]
have been successfully proposed to improve the temperature
sensitivity. The peanut shaped and up-taper shaped struc-
ture temperature sensor has the sensitivity of 73pm/◦C and
43.2pm/◦C, respectively. However, the mechanical properties
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of the sensing filter are significantly weakened while improv-
ing the sensing sensitivity. An extra noteworthy problem is
that there are multiple interference peaks in the interference
spectrum. These peaks will shift when the wavelength is
affected by the external environment. If the wavelength shift
is too large, it may cause the overlap of the two interference
peaks, bringing errors and difficulties in detection. In order to
overcome these shortcomings and obtain good sensing per-
formance, fiber ring laser has been widely studied in recent
years. Various types of Interferometer Fiber structures are
embedded in the FRL to form a sensing system to measure
biomolecules [14], magnetic field [15], electric field [16],
stress [17], curvature [8], and environmental humidity [18].
In the sensing system, the interferometer plays a role of fil-
tering, and its passband is affected by the exotic environment.
Therefore, the laser, as an indicator of the sensor, can carry the
information of external environment transformations. As for
fiber ring laser system, narrow full width at half maxima
and high SNR contribute to good sensing resolution, and a
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single peak value is easy to be detected. In view of the above
advantages, the combination of fiber ring laser and modal
interferometer is an effective way to improve the detection
limit. In addition to the common interference fiber structure,
embedding FBG [19] in the laser sensor is also used to
improve the detection resolution. However, the additional
modal interferometer will increase the loss and mechanical
errors, which limits the sensitivity and practicability of the
fiber ring laser sensor.

In this paper, we propose a new up-taper structure cascaded
with a peanut structure based on Erbium doped fiber micro-
spheres, which can realize the back-and-forth transformation
of light intensity between the core mode and the cladding
modes in the FRL. Consequently, a convenient and inex-
pensive MZI based upon peanut-shaped connecting with an
up-taper structure working as both filter, sensor, and gain
medium in EDF is achieved. To the best of our knowledge,
the novelty peanut-shaped structures are used for the purpose
of distributing part intensity of the cladding mode among the
core modes. Besides, the up-taper structure is used as the
beam splitter and combiner to re-catenate the optical intensity
from the cladding modes to the core mode. The relative range
between two structures is homologous with the coherence
length of the MZIs. In the designed FRL sensor, the effec-
tive refractive index (RI) of cladding modes and core mode
is different resulting in differences between two structures.
Our research shows that the new peanut shaped structure
combined with up-taper shaped can effectively inspire the
cladding modes, thereby obtain a limpid interference pattern
in the EDF composite structure. As a temperature sensor,
the red shift of interference is observed, and the sensitivity is
301 pm/◦c. Besides, as a RI sensing system, it’s more durable
than the interferometer on account of polished fiber and
tapered structure, with a sensitivity about −156.2 nm/RIU
which can be expected for highly sensitive temperature and
RI monitoring.

II. SENSOR SETUP AND PRINCIPLE
As shown in Fig.1, shows the microstructure of the spherical
peanut cascaded optical fiber Mach Zehnder interferometer.
The input peanut fiber acts as a beam splitter and the output
spherical structure acts as a coupler.

FIGURE 1. Microscope image of Er-doped fiber peanut-shaped and
up-taper structure.

When the transmitted light travels to the input peanut-
shaped fiber, the splitting effect occurs, leading part of the

light in the core of the fiber to be coupled into the cladding of
the Er-doped fiber for transmission, resulting in higher-order
cladding modes. When light the transmitted to the output
up-taper shaped fiber structure, the coupling effect occurs,
in where the core mode and cladding modes form interfer-
ence. There is an optical path difference between cladding
and core, causing phase difference between cladding modes
and coremode, the redistribution of light intensity energy, and
the interference troughs of different peaks in the spectrum.
To be more specific, first, the light field is transmitted in the
fiber core in the form of the core mode. When the light field
passes through the first microsphere, the cladding mode is
excited due to the mismatch of core diameter. When the core
mode and cladding mode arrive at the second microsphere,
some higher-order cladding modes are re-coupled into the
core at the junction of the second microsphere and the rare
earth fiber. It then travels along the core and interferes with
the core mold. Since the different phases depend on the mode
state, there are phase differences between the different modes,
as shown in Figure 2.

FIGURE 2. Schematic diagram of designed fiber structure.

If the core mode intensity of the fiber is I1 and the cladding
mode intensity of the fiber is I2, the output intensity of the
fiber sensor can be expressed as [20]:

I = I1 + I2 + 2
√
I1I2COS

2πL
ncleff − neffcm,n

λ

 (1)

where λ is the wavelength of the transmitted light, L is the
length of the fiber between the spherical structure and the
peanut-shaped structure, the effective RI of the core mode
and J-order cladding mode is ncleff and neffcm,n,respectively.
As the transmitted light passes through the sensor, the phase
difference between the core mode and the J-order cladding
modes can be expressed as:

1ϕ = 2πL
(
neffcl − n

eff
cm,n

)
/λ (2)

λdip = 2L
(
neffcl − n

eff
cm,n

)
/ (2m+ 1) (3)

The interference intensity is the minimum when m is an
integer. The incident wavelength of transmitted light is one of
the factors that determine the effective RI of cladding mode,
moreover, related to the RI of the solution due to the direct
contact between the cladding and the external environment.
Correspondingly, the effective RI of the core mode is merely
correlated with the transmitted light since there is no contact
between the core and the solution.
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The relationship between the sensitivity of characteristic
wavelength and the temperature of the external environment
can be expressed as follows:

1λ ≈ 2λ
[

1
1neff

δ + k
]
1T (4)

where δ is the thermo optic coefficient of the fiber and k is
the thermal expansion coefficient of the fiber. The variation
of the effective RI of the core mode with the external ambient
temperature satisfies equation 4, and the variation of the
effective RI of the j-th cladding modes with the external
ambient environment can be expressed as follows:

1λ ≈
−λ

1neff

∂ncl,neff

∂nRI
(5)

Fig.3 shows the diagram of the experimental device.
The light is emitted from the laser and finally reaches the
spectrometer with a resolution of 0.02nm (the spectrom-
eter is Yokogawa AQ6370D). The two ends of the sen-
sor are straightened and fixed on two fixed platforms with
V-shaped grooves for heating. The main device in the exper-
iment is a pump diode with a peak wavelength of 980nm
(PL-974-500-FC/APC-P-M) and maximum pump energy of
about 600 mW. A wavelength division multiplexer is used
to connected the devices. The polarization controller is used
to control the polarization state of the laser. Isolators are
used for controlling the undirectional transmission of light.
Fiber optic couplers are used to connect the Optical Spectrum
Analyzer. The diameters of peanut microspheres are 200µm
and 201µm, respectively. The center width of the joint point is
123µm.The spherical structure ismade of fused optical fibers
with a diameter of 200 µm and 20mm of coherent length as
mentioned in Fig.2.

FIGURE 3. Diagram of optical fiber laser sensor device.

An EDF (Thorlabs θ M5-980-125) with a total length
of 1.6m was truncated into three segments, and the erbium-
doped peanut structure and up-tapered fiber structure were
prepared, respectively. For the fabrication process of the
peanut shaped structure, firstly, the coating of erbium-doped

fiber is stripped and wiped with alcohol. Then use the opti-
cal fiber cutting machine to cut the optical fiber end flat.
Then put the two optical fiber ends into the optical fiber
connector, and the fiber splicer is set to the manual motor
drive state. Adjust the two end faces of the optical fiber to
the appropriate position, two end faces can be seen on the
plane of the optical fiber welding machine. Set the discharge
power and discharge time (800ms), discharge and repeat
the operation for 10 times. The two ends are heated and
softened. Due to the surface tension of the material itself,
the fiber end face gradually tends to arc shape during cooling.
Moreover, other ellipsoidal types of fiber are also fabricated
by the same method. The two shapes of fiber are spliced by
electric discharge. The same treatment is also applied to the
microspheres.

The selection of peanut structure parameters is based on the
use of different welding parameters to weld the optical fiber,
increase the discharge and discharge time of the first welding,
make different diameter of the ball, use the manual weld-
ing mode described in the previous section, make different
diameter of peanut sensor. The diameter of the optical fiber
sensing head is 185µm, 190µm, 200µm and 215µm, respec-
tively. The sensor head is installed in a computer-controlled
thermostat. The interference signal with the temperature
information is output to the optical Spectrum analysis. The
temperature information is measured through the change of
wavelength. As the temperature increases, the interference
peak shifts (red shift) in the direction of larger wavelength.
When the sensor diameter increases from 185µm to 200µm,
the wavelength drift of the interference peak increases with
the increase of the diameter and the same temperature range.
However, when the diameter is 215µm, the temperature shift
decreases. One reason is that the peanut diameter larger,
in the melt contact will inspire more cladding mode, and
increase the percentage of light into the cladding, the sec-
ond reason is when the larger diameter welding type peanut
structure, put the battery needs to be increased, the refrac-
tive index of fiber core and cladding fiber melting changes,
narrowing of the refractive index of fiber core and cladding,
As the diameter increases, the light excites more higher-
order modes, and the effect on the sensitivity becomes more
complex.

The FRL sensing system is shown in Fig.3. A spectrum
analyzer is selected to monitor the interference spectrum
in the manufacturing process of MZI in FRL sensing sys-
tem. The sensing part of optical fiber is ellipsoidal micro
lens, which are composed of two ellipsoidal micro lenses
and a microsphere lens. As the sensing unit, erbium-doped
fiber offers three advantages. First of all, no additional filter
is needed to simplify the system and improve the stabil-
ity. Secondly, the thermal expansion coefficient of erbium-
doped fiber is larger than that of ordinary fiber, and the
detection sensitivity is improved by 1-2 orders of magni-
tude. Finally, Er-doped fiber can be used as both sensing
unit and gain medium to effectively reduce the product
price.

128128 VOLUME 9, 2021



W. Lin et al.: In-Fiber MZI Based on Er Doped Up-Taper and Peanut-Shaped Fiber Structure

FIGURE 4. Output spectrum of the sensor in SS (super-continuum light
source) and LS (laser source).

FIGURE 5. Output spectrum of the fiber laser temperature sensor system
when T changes from 0◦C to 50◦C with the steps of 10◦C.

III. EXPERIMENTAL RESULTS AND DISCUSSION
Fig.4 shows the corresponding relationship between broad-
band light source and laser. It can be found that there is a
good correspondence between the broad light spectrum and
the laser output spectrum at room temperature.

Shown in Fig.5 and Fig.6, is the output spectrum of the
sensor at different temperatures. With the increasing temper-
ature of the electric furnace, the phenomenon of red shift
appears that the interference troughs are obviously drifting
towards the long wave direction. As shown in Fig.6, when
the temperature rises from 0◦C to 50◦C, the characteristic
wavelength of the laser has a red shift about 14nm, it can be
calculated that the temperature sensitivity reaches 301 pm/◦C,
and the corresponding temperature linear fitting coefficient is
0.99948.

The refractive index solution used in the experiment is
made of distilled water and glycerin solution, whose refrac-
tive index range from 1.3428 to 1.3927. The RI is calibrated
and measured by refractive index calibrator. Fig.7 shows the

FIGURE 6. Linear fitting and error bars of the relationship between
temperature and wavelength shift. (From 0◦C-50◦C).

FIGURE 7. Laser emission spectra due to RI changes with surrounding
mediums.

spectrum of laser output peak varyingwith external RI. As the
refractive index increases, the wavelength moves towards the
shorter wavelength. As shown in Fig.8. When the external RI
changes from 1.3428 to 1.3927, the laser peak shifts to the
short-wave direction about 17nm. It can be calculated that
the RI sensitivity reaches −156.128nm/RIU, and the corre-
sponding linear fitting coefficient was 0.97245. The offset of
the output wavelength has a good linear fit with RI.

The power fluctuation and wavelength change are plotted
in Figure 9 for quantitative analysis of FRL sensing system
stability. In 3.5 hours, the intensity stability of different solu-
tions is stable with only 1.5 dBm changes, and the wavelength
change is less than 0.3 nm which the possibility of the sensor
as a stable sensor filter is verified. The test is carried out at
the refractive index value equals to 1.3811.

In addition, table 1 and table 2 respectively compare the
sensitivity of the designed sensor with other sensing systems.
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FIGURE 8. Linear fitting and error bars of the relationship between RI and
wavelength shift.

FIGURE 9. Test for time stability of wavelength shift and power
fluctuation.

TABLE 1. Sensitivity comparison with other temperature sensing
structures.

The results show that the designed FRL sensor has great
temperature and refractive index sensing characteristics.

Compared with the traditional fiber ring laser using FBG
for temperature sensing [28], the designed sensor does not
require additional filter design, and the sensitivity is better
than FBG. Besides, the fiber laser temperature sensor based
on liquid filling or Sagnac loop can effectively improve the
sensitivity [29]–[31]. But it increases the cost of system
design and reduces the stability. The sensor can also be used
as a gain medium to pump the laser.

TABLE 2. Sensitivity comparison with other temperature sensing
structures.

IV. CONCLUSION
An Erbium doped FRL sensing system is demonstrated the-
oretically and experimentally. The modal MZI of peanut
structure cascaded with up-taper joints structure is inserted
into the FRL as sensing element, gain medium and filter.
Consequently, the sensing system also possesses the ability
to react to ambient environments with ultra-high sensitivities.
The characteristics of temperature and RI are also tested and
the sensitivities are 301pm/◦C and 156 nm/RIU, respectively.
In addition, the MZI has the advantages a narrower 3 dB
bandwidth (∼0.1 nm) and a higher OSNR (∼50 dB), easy
fabrication, and a low-cost sensing process, which makes it
attractive for remote sensing technology and extreme envi-
ronmental monitoring.
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