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Relative Humidity Sensor Based on Double Sagnac
Interferometers and Vernier Effect

Xuefang Zhou

Abstract—A double Sagnac interferometer (DSI) and vernier
effect sensor for relative humidity (RH) is proposed and experi-
mentally implemented, in which two single Sagnac interferometers
(SI1 and SI2) cascaded in parallel to construct the structure of the
sensor. Owing to the approximate free spectral range (FSR) of the
SI1 and SI2, the proposed sensor can produce fundamental and
harmonic vernier effect. Theoretical analysis shows that the RH
sensitivity of the sensor is only related to the lengths of polarization-
maintaining fibers (PMFs). The experimental results show that
in the range of 30~80%RH, the RH sensitivities of the spectral
envelope can reach —0.48 nm/%RH, which is 60 times higher
than that measured by the single Sagnac interferometer sensor (8
pm/%RH). The experimental results are consistent with the theo-
retical analysis. The proposed sensor has the superiorities of high
sensitivity, good repeatability, simple fabrication, and compact size,
and it has potential applications in the areas of biopharmaceuticals,
environmental monitoring, food processing, and microbial sensing.

Index Terms—Double sagnac interferometer, fiber sensor,
relative humidity, vernier effect.

1. INTRODUCTION

ELATIVE humidity (RH) refers to the ratio of the actual
R water content of the air to the theoretical maximum water
content, whose measurement or monitoring is particularly im-
portant in human daily life and industrial production, such as
the spread of COVID-19, preservation time of agricultural and
sideline products, the service life of the precision instrument
and so on [1], [2], [3], [4]. With the development of science and
technology, RH sensors emerges, and developed rapidly during
the past twenty years, while the conventional RH sensors are
mainly based on electric conduction technology, which have the
disadvantages such as bulky size and difficult signal process, and
then makes it less possible to be coupled to automatic controlling
system. The appearance of optical fiber sensors can make up for
this defect because optical fiber sensors have some advantages
of high-temperature resistance, larger dynamic range, strong
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adaptability, anti-electromagnetic interference [S5], and so on.
Therefore, various fiber RH sensors with different structures
have been developed and reported successively. Among them,
interferometric fiber optic sensors are the fastest developing
sensors in recent three years. There are four common interfero-
metric sensors, including Mach-Zehnder interferometers (MZIs)
[6], [7], [8], Fabry-Perot interferometers (FPIs) [9], [10], [11],
Sagnac interferometers (SI) [12], [13], [14], Michelson inter-
ferometers (MI) [15], [16]. In the 2022 year, Xin Ding and his
groups [8] proposed a balloon-like structure fiber interferometer
with GO nanomaterial coating for humidity detection, whose
sensitivity is 0.449 nm/%RH in the measurement range of less
than 50%RH, the sensitivity isn’t very high, and the sensor
structure is difficult to manufacture. In the 2022 year, Hailin
Chen and his companions [10] proposed a parallel optical fiber
FPI and vernier effect sensor for simultaneous high sensitivity
measurement of RH and temperature, the sensitivity of RH and
temperature is up to —11.388 nm/%RH and 18.436 nm/°C,
respectively. In the 2021 year, Yuanfang Zhao and his groups
[12] proposed a sucrose concentration sensor by utilizing a fiber
Sagnac interferometer with no-core fiber (SI-NCF) based on the
vernier effect. In these vernier effect-based sensors, the spectrum
of the sensors forms a large envelope, and the sensitivity of
the sensor can be amplified by tracking the movement of the
envelope.

In our previous research, we demonstrated fiber sensor con-
figurations of cascaded hybrid types fiber interferometers [17],
[18], [19]. The vernier effect of the hybrid interferometer
has been significantly improved in temperature measurement.
Therefore, it is used to fabricate temperature sensors based
on cascaded interferometers, and high-temperature sensitivity
is obtained. In these previous works, the hybrid-types fiber
interferometer consisting of two different interferometers was
used for temperature sensing or RH demonstrations. In this
paper, a DSI for RH measurement based on the vernier effect
is first proposed and demonstrated. The sensitivity of the RH
sensor is improved by the vernier effect which generates between
the two Sagnac interferometers with different lengths of PMF.
The proposed sensor has the advantages of stable performance,
simple production, and high repeatability.

II. SENSOR FABRICATION AND PRINCIPLE

In optical fiber sensing, the cascade of two interferometers
can produce periodic vernier interference fringes, and the in-
terference fringes will be changed sharply with the physical
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Fig. 1. The schematic diagram of the proposed sensor.

parameters (cavity length, refractive index, fringe fineness) of
the cascaded interferometer. In addition, the interference fringes
are periodically changed, and the sensors can be realized by
demodulating the envelope of the interference fringes. The
schematic diagram of the proposed RH sensor based on the
vernier effect with a DSI cascaded in parallel is shown in Fig. 1,
which is composed of two sections of PMF, two polarization
controllers (PCs), two three-ports OCs, and a four-ports OC.

According to the coupled-mode theory, its transmission char-
acteristic matrix can be expressed as

Where: k is the coupling ratio of OC.

When the incident light enters the PMF, there will be a certain
angle between the PMF and the ordinary single-mode fiber
(SMF). Let the angle between the PMF and the X axis of the
fixed experimental coordinate system is 01, that is, the coordinate
rotation matrix can be expressed as

sin 64 > @)

[ cosb,
R(0h) = <— sinf; cosf;

ey

The transmission matrix of PMF can be expressed as

—jp 0
Temr = <€ 0 ej<p> (3)

Among it, ¢ = WAHLP]\/[F/)L, Lpyr is the length of the
PMF, An is the effective refractive index difference between
the fast and slow axes of the PMF. Because the phase difference
introduced by the light field through the PMF clockwise and
counterclockwise is the same, the transmission matrix of the
reverse light through the PMF is the same.

Assume that the light field intensity of the incident light is

Ex\  (E;,cost

En= (Ey> - (En sina) @

In which E, and Fyrepresent the decomposition of the input
light field along the x and y axes respectively.
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When light enters OC1, it can be described as

(g;) = Toc (EO“) 5)

Analyze the clockwise light field of the Sagnac loop as follows

Es\  (Jpmr1 * R(61) 0 T E,
Eg¢) 0 Jpmrz * R (62)) 7 992\ 0
(6)

The electric field strength returning to OC1 port 4 is expressed
as

Ey =j\ks*x Es +

Analyze the counterclockwise light field of the Sagnac loop
as follows

Es
Ey
JPMFl *R(—Gl) 0 T E2
0 JPMF2 *R(_GQ) ocs 0
(®)

The electric field strength returning to port 3 of OCI is
expressed as

Ev =jVkexEy +
The last two beams of light meet at OCI, which can be

expressed as
Ew _ Ex
(o) =700 ()

When ki = ko = k3 = 0.5 the transmission function of the

transmission spectrum is expressed as
2
= ||EEO:1t||2 = i(sin 01 cos p1 + sin 65 cos <p2)2

According to the formula (11), it can be seen that the DSI’s
transmission spectrum is influenced by 1 = 7Ani Lppsp1 /2,
w2 = mAnoLpyrpa/X , the increase of RH, An will change
accordingly, which is finally resulting in the change of the output
transmission spectrum.

The final interference spectrum is a superposition of the two
individual SI, and the FSR1 and FSR2 are the FSR of SI1 and
SI2, respectively, where SII is formed by cavity 1 and SI2 is
formed by cavity 2. FSR1 and FSR2 can be expressed as:

22 2?2
—, FSRy = ——
ATLLl ’ 2 AnL2
As shown in Fig. 1, two interferometers are in parallel, and

the FSR of the envelope generated by the output waveform can
be expressed as

1-— kg * EG’ (7)

1-— k2 * E3/ (9)

(10)

T

(1)

FSR, = (12)

FSRy* FSRy A2

|FSR1 - FSRQ‘ B A?’l|L1 - L2|
By controlling the length of the PMF in the cascaded DSI, the

optical path lengths of the two SI are different, resulting in the

fundamental vernier effect. Gomes et al. creatively introduced an
advanced concept of a harmonic vernier effect to further surpass

FSRenvelop = (13)
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Fig. 2. Experiment setup of the proposed RH sensor system.

the limits of the traditional vernier effect [20]. Compared to the
traditional vernier effect, the harmonic vernier effect allows a
considerable sensitivity improvement and more flexible control
of the sensitivity magnification factor. Assuming that all other
conditions are the same in the DSI, the optical path degree of
one Sl is set to be i times that of the other, namely L2+iL1 (the
value of i is the order of harmonic generation). The FSR of the
envelope on the harmonic vernier effect can be expressed as

(i +1)FSRy x FSR}

FSR; e = .
harmonic ™ | pGR (i + 1)FSR},
= (Z + 1)FSRinV910pe (14)

It can be seen from formulas (13) and (14) that FSReqvelope
is affected by L1 and L2, therefore, the influence factors of
FSRenvelope are L1 and L2.

Compared with a single SI sensor, the envelope shift of
cascaded configuration can be magnified with an impact factor
M,

FSR%larmonic _ (Z + 1)FSR%
FSR,  |FSR, - (i+1)FSR}

=@+ 1M (15)

The sign of the denominator FSR; — (i + 1) FSR} deter-
mines the direction in which the wavelength moves. When
the sign FSRy — (i + 1)FSR} is positive, the slope of the
sensitivity curve of FSR2 with the Vernier effect is constant.
When the sign FSR; — (i + 1) 'SR} is negative, the sensitivity
curve’s slope of FSR2 with the Vernier effect will change.

M=

III. EXPERIMENT AND DISCUSSION

The RH sensing measurement system is depicted in Fig. 2. A
programmable constant temperature and humidity test chamber
(QING SHENG, temi880, China) is used for relative humidity
measurement. Amplified spontaneous emission (ASE) acts as a
broadband light source (BBS), which emits light with a wave-
length range from 1530 to 1650 nm. The light is transmitted
to the sensor through the optical fiber coupler. The reflection
spectrum of the sensor is collected by the OSA (Yokogawa,
AQ6370D), and the resolution of the OSA is set at 0.02 nm.
When SI2 conducts RH experiments separately, another parallel
SI1 is removed from coupler 2 and coupler 3. The splitting ratios
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Fig. 3. (a) The experimental spectra of the single SI sensor without vernier

effect under RH increasing (b) The corresponding relationships between the
wavelength dip and RH of the single SI sensor.

of the couplerl, coupler2, and coupler3 are 50:50. When SI1 and
SI2 are parallel for the RH experiment, because both SI1 and SI2
are sensitive to RH, to realize the vernier effect and improve RH
sensitivity, the reference unit SI1 cannot be put into the test
chamber.

Firstly, we put the SI2 into the test chamber to ensure sufficient
contact between the sensor and RH. Under this condition, we
study the SI’s spectra shift response to the different RH. During
the sensor calibration, we keep the temperature around 25 °C and
keep the polarization state of the sensor stable and unchanged,
and then change the RH value by adjusting the test chamber.

During the test, the length of PMF is 7.05 m, and the bire-
fringence of PMF is 3.85 x 1074, according to the formula
(12), it can be deduced that the FSR of SI2 is 0.78 nm. The
measured interference spectra of the SI with different RH are
depicted in Fig. 3(a). It can be noted that the resonance spectrum
has a blueshift with the increasing RH value. To evaluate the
RH sensitivity of the SI sensor, one typical dip at1546.8 nm is
detected and the dip values at different RH are given in Fig. 3(b).
When the RH increases from 30% to 80%, the wavelength shift
is 0.4 nm. This result shows that the SI sensor can effectively
test solutions with different RH values, and the sensitivity of the
single SI sensor is 8 pm/%RH.

To improve the single SI's sensitivity, the vernier effect is
introduced into the SI sensor. Fig. 4 exhibits the transmission
spectrum of cascaded SI1 and SI2 in parallel with the funda-
mental vernier effect, where the length of PMF1 and PMF 2 is
15.05 m and 13.62 m, respectively. Due to the similarity of the
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Fig. 4. Measured resonance spectra of the cascaded SI1 and SI2 in parallel.

FSR between the two interferometers, the transmission spectrum
of the cascaded configuration has a superimposed envelope. The
extinction ratio (ER) of the output spectrum is about 20 dB. In
addition, the FSR of the DSI sensor based on the fundamental
vernier effect is 4.5 nm near the wavelength of 1550 nm, which
is 5.76 times of the single SI sensor, and the theoretical value of
the FSR near 1550 nm is 4.16 nm according to the formula (13),
there is a good agreement between theoretical calculation and
experimental test. The FSR shows that this method is promising
to improve the sensor’s sensitivity.

Asisdepictedin formula (14), the reference SI1 has alength of
L2 +iL1, and the sensing SI2 has a fixed length of L2, i denotes
the order of the harmonic, and L1 is the detuning length. The
first case in Fig. 4 corresponds to the fundamental vernier effect,
where i = 0. Fig. 5(a)—(c) shows three cases corresponding to the
first three harmonics, where L1 is 6.6 m and L2 = 0.2+iL1(i =
12,3) respectively. Fig. 5(a) is the simulated spectrum of the first-
order harmonic vernier effect. The upper envelope FSR is 30nm
and the inner envelope FSR is 60nm, which is twice as large as
the upper envelope FSR. Fig. 5(b) is the simulated spectrum of
the second-order harmonic vernier effect. The upper envelope
FSR is 30nm and the inner envelope FSR is 90nm, which is three
times that of the upper envelope FSR. Fig. 5(c) is the simulated
spectrum of the third-order harmonic vernier effect. It can be
seen that the more order harmonic vernier effect, then it is more
difficult to observe the complete harmonic spectrum period, and
then it leads to detecting the wavelength drift with difficulty.
The simulation results are consistent with that of the theoretical
value, and the upstream standard envelope is independent of the
harmonic order. The inner envelope produced by the harmonic
vernier effect is i4-1 times that of the upper envelope produced
by the basic vernier effect, which means that when the RH
changes slightly, the spectrum produced by the harmonic vernier
effect will have a larger wavelength shift, and thus resulting in
a significant improvement in RH sensitivity.

Firstly, the DSI sensor’s humidity sensitivity is experimentally
evaluated and analyzed according to the experimental setup
shown in Fig. 2, the environment temperature is controlled at
25 °C, the length of PMF1 and PMF2 are set at 15.05 m and
13.62 m, and PMF2 is put in the chamber. When the different
RH is delivered to characterize the sensor performance based
on the vernier effect, the transmission spectrum of the proposed
sensor based on the fundamental vernier effect at different RH
ranging from 30% to 80% is shown in Fig. 6(a). It can be seen
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Fig. 5. Numerical simulations of the first-order harmonic vernier effect (a),

and the second-order harmonic vernier effect(b), and the third-order harmonic
vernier effect(c).
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Fig. 6. (a) Transmission spectra of the DSI sensor based on vernier effect
with different RH (b)the corresponding relationship between the resonance
wavelength dip and the RH for the cascaded DSI with vernier effect.
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Fig. 7. Transmission spectra of the DSI sensor based on first-order harmonic
vernier effect with different RH.

TABLE I
THE PERFORMANCE COMPARISON BETWEEN THE PROPOSED SENSOR WITH
THE EXISTING SENSOR

Structure Material Detection RH RH year  Reference
assisted range sensitivity
(%RH)

MZI+FPI GQDs-PVA  27.9%~68.5% -0.88nm 2020 [6]

FBG+MZI no 9.73%~80.37% 6.1pm 2019 [7]

MZI+SMF GO 35%~90% 0.449nm 2023 [8]

FBG+FPI no 20%~90% 22.07pm 2018 [9]

FPI+SMF PI+PDMS 30%~80% -11.388nm 2022 [10]
CascadedFPI PVA+PDMS 20%~45% 0.038nm 2022 [11]
CascadedFPI PI 40%~85% -3443pm 2022 [21]
Cascaded SI no 30%~80% -0.48nm 2023 Our work

from Fig. 6 that when the RH increases from 30% to 80%, the
envelope dips have a blue shift to 16 nm, which is since the
FSR of SI2 is smaller than that of SI1 [20]. The relationship
between the envelope shift and the RH is shown in Fig. 6(b),
when the relative humidity is 30% ~ 80%, the dip wavelength
displacement is 16 nm. As we can see, the RH sensitivity is
—0.32 nm/%RH, which is 40 times higher than a single SI
sensor without the vernier effect. As can be seen from Fig. 6(b),
the linear correlation coefficient is 0.9998, which shows good
linearity.

Secondly, the output performance of the DSI sensor based on
the first harmonic vernier effect wave is further studied. Fig. 7
shows the variation of dip wavelength drifts with the RH. it
can be seen from Fig. 7 that when RH ranges from 30% to
80%, the dip wavelength shifts to a short wavelength direction.
The envelope dips have a blue shift to 24 nm when the RH
changes from 30% to 80%. As we can see, the RH sensitivity is
—0.48 nm/%RH, which is 60 times higher than a single SI sensor
without the vernier effect. To sum up, using the vernier effect,
a cascaded DSI sensor can achieve sensitivity amplification,
which is more convenient and economic.

Finally, the performance of the proposed sensor is compared
and analyzed with those of the existing sensors shown in Table I.
As can be seen from Table I, there are two schemes to be
designed, one is to detect the RH directly by combing an optical
interferometer and fiber Bragg grating (FBG), and Rui et al [7]
proposed an FBG cascaded with balloon-like sensing structure
with up-tapered MZI to realize the RH test, whose sensitivity
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is 6.1pm/%RH, and Yong et al [9] cascaded FBG and FPI to
measure the RH and its sensitivity is 22.07 pm/%RH, which is
relatively low. To improve the sensitivity, other schemes were
designed to measure RH by using the optical interferometer
structures and humidity-sensitive materials. Tong [6] et al. pro-
posed a compact MZI and FPI structure assisted GQDs-PVA
to realize the detection of RH solutions, the RH sensitivity is
—0.132 nm/%RH. In summary, compared with other sensors,
the proposed sensor has the comprehensive performance of
simple manufacture, high sensitivity, high-cost performance,
and competitiveness.

IV. CONCLUSION

In conclusion, we propose and demonstrate a cascaded DSI
sensor based on the vernier effect for RH detection. We optimize
the transmission spectrum of SI by adjusting the PMFs’ length.
The experimental results show that when the PMF1 and PMF2
lengths are 15.05 m and 13.62 m respectively, the sensitivity
of the DSI sensor based on the fundamental vernier effect
is —0.32 nm/%RH, which is 40 times higher than that of a
single SI sensor. By tuning the length of PMF1 and PMF2 to
7.08 m and 15.08 m, e the first-order harmonic vernier effect
is exactly to be generated, and the RH sensitivity of the DSI
sensor is —0.48 nm/%RH. This method explores a novel RH
sensor with the benefits of easy manufacture, good stability, and
cost-effectiveness, it has potential applications in RH detection
in biochemical engineering, food processing, and industry fields.
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