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Abstract This paper presents a new structure for
magnetic sensor with Mach-Zehnder/Sagnac optical fiber
interferometer. The magnetostrictive optical fiber sensor is
placed in one of the two arms of the Mach-Zehnder
interferometer, which can detect the optic phase shift by
testing the length difference of the arm caused by
environmental magnetic field. Because of forward and
backward transmission in the arms, the Mach-Zehnder/
Sagnac optical fiber interferometer can deduce twice
exactly of the phase shift proportional to the length
difference as Mach-Zehnder interferometer. Theoretically,
description of the Mach-Zehnder/Sagnac interferometer is
given, and some main issues in the magnetic field sensor
with optical fiber interferometer are demonstrated with
experiments. The magnetic sensors are implemented using
the proposed methods.
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1 Introduction

Weak magnetic field detection has been paid attention by
some researchers [1–4]. The optical fiber interferometers
with magnetostrictive material were demonstrated as
effective technologies for practical application. As for
optical fiber Michelson magnetic field sensor, it eliminated
the polarization disturbance of environment by using two
Faraday rotation mirrors (FRMs) [5], which enhanced the
stability of the sensor remarkably.
Sagnac interferometer has been used for sensing

application for its improved sensitivity, which benefits
from its optical interferometer path length. However, the
optical fiber Sagnac interferometer structure is with

disadvantage of the Rayleigh backscatter and polarization
wander. Then, the Mach-Zehnder/Sagnac interferometer
(MZ-SI) has been proposed for filter [6] and precision
sensing [7,8].
In this paper, we applied the MZ-SI for weak magnetic

sensing from design and implantation to experiment.

2 Principle description

The principle of the proposed Mach-Zehnder/Sagnac
optical fiber interferometer is as follows. The light from
the source is split into two routes through a 3-dB coupler
and then the two beams transmitted by two fiber arms and
couple in the second coupler, which compose a Mach-
Zehnder interferometer (MZI). After the second coupler,
the light is split into two lights, which transmit in two
contrary directions in the Sagnac ring. Since then, two split
lights go through two arms of the MZI again. This structure
can be regarded as the two cascaded MZI; thus, the two
split lights interfere in the fiber triple times.
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where f ¼ 2πnΔL=l, ΔL is the length difference between
the two arms in the MZI; E1 and E2 are the optical field of
input ports; and Es1, Es2 are the output in the second
coupler.
In the backward transmission, we have the final output

in the first coupler:
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where Eí1 and Eí2 are the optical field of final output ports.
Considering the input port E1 ¼

ffiffi
I

p
(I is the optical

intensity of the input port) and E2 ¼ 0, we thus get the
intensity expression of the final output:
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In the part of the MZI, we place the magnetic sensor in
one of the two arms, and the other arm is used as the
reference arm. When the sensor arm is placed in the
magnetic field environment, the magnetostrictive material
strain will change the length of the sensing fiber, which
induces the phase shift. The two photodetectors (PDs) will
detect the phase shift via the output response of the first
coupler.
From Ref. [1], we have

isignal ¼ RI0½1� Vcos ðfb þ fe þ 2dfÞ�, (4)

where R is the responsivity of the detectors, I0 is the
average optical power in the final output, V is the visibility
of the interferometer, fb is the quadrature control phase
bias, fe is the environmental phase drift, and df is the
phase shift induced by the magnetic field.
At the state of quadrature (fb þ fe ¼ fn ¼ π=2), opti-

mum visibility (V = 1), and differential amplification
output, we have

Vout � GRI0ðfn þ 2dfÞ, (5)

where G is the system gain, Vout is the voltage of the
output, and fn is the phase shift induced by noise.
The optical phase shift df, which is induced by

magnetic field, can be expressed as [1,5]

df ¼ η�ef ¼ nη�kLse, (6)

where n is the refractive index of fiber, η is the strain-
transfer efficiency, � is the strain-optic correction factor, k
is the optical wave number, Ls is the length of sensing arm
fiber, and e is the magnetic field-dependent strain. The
relationship between the magnetic field and magnetostric-
tive material strain is

e ¼ CH2, (7)

where C is the magnetostrictive coefficient and H is the
total external magnetic field.

H ¼ Hd þ Hbias þ hcos ðωtÞ, (8)

where Hd is the direct current (DC) field to be detected,
which is a current-controlled Helhots coil; Hbias is the bias
magnetic field; and hcos ðωtÞ is the dither field.
Therefore, the differential output signal in fiber-optic

Mach-Zehnder/Sagnac interferometric magnetic field sen-
sor can be obtained as

Vout ¼ GRI0fn þ 2GRI0nη�kLsC Hd þ Hbiasð Þ2 þ 1
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Then, we can get the output of the lock-in amplifier:

Vout / CsystemðHd þ HbiasÞh, (10)

where Csystem ¼ 4GRI0nη�kLsC is a constant. To test the
DC field under different dither fields, we use the
geomagnetic field as the bias field Hbias.

3 Experiment technique

The detection part of this paper is the same as that of Ref.
[5], which proposed an improved scheme of lock-in
amplifier by introducing self phase tracking for weak
magnetic field sensor. Because the response output of the
structure in this paper is sensitive to polarization, we use
polarization controller to maintain the optimum response
of the MZ-SI. The experiment setup is shown in Fig. 1.

The transducer has been wrapped by 6 layers of
magnetostrictive material, and the fiber wrapped around
the transducer is 30 circles and about 9 m long. The optical
part of the interferometer sensor is packed as a stable
device and is placed in the total magnetic field in the
experiment. Figure 2 shows the stable sensor device.

We have carried out the experiment on the relationship
between measured DC field and the system output

Fig. 1 Experimental setup

Fig. 2 Packed device of sensor
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response. As can be seen from Fig. 3, the measured DC
field maintains linearity with the system output response.
From the fitted response of the two sets of results, we can
calculate the sensitivities as about 47.8 and 75.6 µV/nT,
respectively.

Compared with experiment results of Ref. [5], the
magnetic sensor’s sensitivities in this paper are lower. The
main reason is that the structure in this paper is sensitive to
the polarization of the optical fiber; however, the setup in
Ref. [5] is insensitive to the polarization.

4 Conclusion

A new structure for magnetic sensor with Mach-Zehnder/
Sagnac hybrid optical fiber interferometer for precision
sensing is proposed in this paper. Theoretically, description
of the Mach-Zehnder/Sagnac interferometer is given, and
some main issues in the magnetic field sensor with optical

fiber interferometer are demonstrated with experiments.
The results show that the measured DC field maintains
linearity with the system output response.
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