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Fig. 1 Structural diagram of optical fiber coupler. (a) 2X2 coupler; (b) 3X3 coupler
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Fig. 2 Principle diagram of coupling phase shift detection of single-mode optical fiber coupler

based on hybrid Sagnac interferometer
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Table 1 Repeated test results of coupling phase shift of 2X2 coupler
No. A, /nm A,/nm A, /nm Ap/ (%) Average/ (") Standard deviation/(®)
1 1542. 092 1550. 605 1559. 306 89.516
2 1542. 166 1550. 737 1559. 499 89.511
3 1542.163 1550. 696 1559. 418 89.515 89.515 0.0028
4 1542. 086 1550. 552 1559. 204 89.519
5 1542. 122 1550. 632 1559. 330 89.516
22 2X2 WGBS AR B (E 5 SE AE X 1L
Table 2 Comparison between theoretical and measured values of coupling phase shift of 2X2 coupler

Coupling ratio [s5051° sy, |7

Additional loss

Theoretical estimation range Measured value

50:50 0.482 0.493 0.025
70:30 0.297 0.670 0.033
90:10 0. 883 0.092 0.025

86. 985" <<Ap=<.93. 015" 89.512°
86. 245" <XA@p=94. 755° 90. 602°
81.141°<<Ap<.98. 859° 91.834°
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Table 3 Comparison between theoretical and measured values of coupling phase shift of 3X3 coupler

ASDL’) ASDM A(PSG
[s. 12 |s.]? Additional Theoretical Measured Standard Measured Standard Measured  Standard
Sq Se . .
loss estimation range value /  deviation / value / deviation / value / deviation /
@) ) @) @) (@) @)
118. 359°<CAp<<
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Coupling Phase Shift Detection Technology of Fiber Coupler
Based on Sagnac Interferometer

Wang Ruiqin, Yang Yuanhong , Li Hui

School of Instrumentation Science and Opto-Electronics Engineering, Beihang University, Beijing 100191, China

Abstract

Objective The optical fiber coupler is the basic device in an optical fiber sensor system. The phase relationship
between the outports of the coupler, that is, the coupling phase shift, has a significant impact on the performance of
the sensor system. An accurate measurement of the coupling phase shift and its variation characteristics are of great
value to the development of high-performance fiber couplers and the improvement in the performance of their
application systems. As the mainstream method for the theoretical analysis of coupling phase shifts, the scattering
matrix analysis method has many ideal assumptions in the analysis process, resulting in a large gap between the
calculated results and real phase shifts. Besides, the coupling phase shift is susceptible to external factors such as
temperature. Therefore, the theoretical analysis has great limitations, and the exact coupling phase shift value must
be determined through the experimental test. At present, the existing experimental detection scheme is based on the
Mach-Zehnder interferometer, and the coupling phase shift is calculated by detecting the output power of each port
using the phase modulation technology. The detection accuracy is influenced by photoelectric conversion, optical path
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loss, coupler performance, modulation signal, and other factors, and thus there is a large error. The highest
detection accuracy that can be achieved in the existing reports is 0.229°. In this study, we propose a novel coupling
phase shift detection technology based on the hybrid Sagnac interferometer, which uses wavelength demodulation to
achieve the coupling phase shift detection, so as to improve the detection accuracy and the anti-interference of the
detection device. It is hoped that the proposed detection technology can provide an effective means for the
quantitative and accurate test and analysis of the coupling phase shift of the single-mode fiber coupler.

Methods The coupling phase shift detection technology proposed in this paper is based on a hybrid Sagnac
interferometer structure, which is composed of the single-mode fiber coupler to be tested and a polarization
maintaining fiber. The fiber spectral demodulator is used to provide the scanning light source and simultaneously
detect the output interference spectra of its reciprocal port and non-reciprocal port. Due to the reciprocity of the
Sagnac optical path, the relative phase shift of the output spectra at both ports is twice the coupling phase shift.
Therefore, the valley wavelength characteristics of the two interference spectra are extracted for calculation to
obtain the coupling phase shift value of the fiber coupler, and thus the measurement of the coupling phase shift is
realized. According to the proposed detection scheme, the experimental system is built to realize the coupling phase
shift detection of 2 X 2 single-mode couplers with different splitting ratios and 3 X 3 single-mode couplers. Moreover,
the coupling phase shift characteristics of the 2 X 2 single-mode couplers at different temperature conditions are
studied for the first time.

Results and Discussions In this paper, the limit error of the proposed detection scheme is analyzed theoretically,
and the detection accuracy is 0.0136°. The effectiveness and stability of the scheme are verified by experiments.
First, the coupling phase shifts of 2 X 2 single-mode fiber couplers with three common splitting ratios (10:90,
30:70, 50:50) are detected, the experimental results are consistent with the theoretical results (Table 2), and the
standard deviation of multiple measurements is 0.0028°(Table 1). Due to the existence of additional loss, the actual
coupling phase shift of the 2 X 2 coupler is deviated from the ideal 90°, and with the increase of splitting ratio, the
coupling phase shift has a gradual upward trend. Second, the coupling phase shift among the three ports of the 3 X 3
coupler is detected by the detection scheme. The measurement results are also consistent with the theoretical
estimation range, and the maximum standard deviation is 0. 0036° ( Table 3), which verifies the feasibility and
correctness of the detection scheme applied to the coupling phase shift detection of various single-mode fiber
couplers. Finally, the temperature experiment result (Fig. 7) shows that the coupling phase shift of the 2 X 2
coupler decreases with the increase of temperature, but the temperature sensitivities of different batches of couplers
are different. The coupling phase shift detection method proposed in this paper can be used to test the temperature
stability and other related characteristics of the coupling phase shift, which provides an effective means for the
development of high-stability couplers and the selection of couplers.

Conclusions In present study, a novel coupling phase shift detection technology of a single-mode fiber coupler
based on the hybrid Sagnac interferometer is proposed. According to the valley wavelength characteristics of its
reciprocal port and non-reciprocal port output spectra, the detection of the coupling phase shift of the single-mode
fiber coupler is realized, and the detection accuracy can reach 0.0136°, which is an order of magnitude higher than
the existing coupling phase shift detection accuracy (0. 229°). The experimental system is built to realize the
detection of the coupling phase shifts of 3 X 3 single-mode coupler with the fixed splitting ratio and 2 X 2 single-mode
couplers with different splitting ratios. The detection results are consistent with theoretical estimates, and the
maximum standard deviation of multiple detection is 0.0036°. The proposed detection method is also used to measure
the coupling phase shift change of the 2 X2 single-mode coupler at different temperatures for the first time. The
research shows that the proposed detection method has advantages in simplicity, detection accuracy, and
adaptability. It can be used for the quantitative and accurate measurement and analysis of coupling phase shift of
various multi-port single-mode fiber couplers, and provides an important technical support for the development and
screening of phase stabilizer couplers.
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