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a b s t r a c t

A simple water level measurement method based on wavelength division multiplexing (WDM) is pro-
posed and demonstrated. The measurement principle is based on the change of Fresnel reflection
occurring at the end facet of the optical fiber tip (OFT). To increase the spatial resolution of water level
sensing, a broadband light source (BLS) and an arrayed waveguide grating (AWG) are employed. The OFTs
are multiplexed with the dedicated wavelength channels of AWG. By measuring all of the reflection
powers reflected at the OFTs with a proposed on-site reflectometer, the water level can be monitored
continuously for a fast emergency response. Moreover, it can be implemented easily with the
commercially available optical components and devices with the simple configuration.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Water level is one of the essential parameters for many indus-
trial areas related to the environmental safety. Especially, in spent
fuel pools (SFPs) of nuclear power plants, water plays an important
role in cooling down of decay heat and shielding of the radiation
fields [1]. Until now, various water level sensing techniques have
been proposed based on optical fiber sensors (OFSs) for the harsh
environment such as high temperature, gamma radiation and so on
[2,3]. The OFS provides many advantages such as passive sensing
capability, remote sensing, resistance to electro-magnetic inter-
ference and radiation [4]. For the water level measurement, it is
generally divided into two types: continuous level sensors and
discrete (or quasi-distributed) level sensors. The continuous level
sensors provide quantitative information of the water level in a
range of specific area with a high spatial resolution continuously. It
can be implemented based on the long-period fiber grating [5],
etched D-shape optical fiber [6], no core fiber [7], heated fiber with
an insulated heat wire [8], and so on. However, these methods
require the use of a special fiber structure, an additional heating
device, or complex signal processing techniques based on optical
frequency domain reflectometry. On the other hands, the discrete
level sensors simply detect the presence of the water according to
by Elsevier Korea LLC. This is an
the previously designed installation position with an optical
coupler [1,9,10]. The multiple discrete sensors can be multiplexed
on a single fiber to provide quasi-distributed sensing performance
[11e13]. However, the multi-channel sensing capability is limited
fundamentally due to its insertion loss of the optical coupler or the
complex fabrication process for multiplexing the multiple discrete
sensors.

Recently, we proposed a simple all-optical water level moni-
toring system based on the wavelength division multiplexing
(WDM) technique for SFPs in nuclear power plants [14]. This sys-
tem provides the simplest way for multi-channel sensing, a high
spatial resolution, and robustness to external temperature changes
at a remote location with a remote reflectometer. However, the
single mode fiber can be possibly damaged due to the external
event such as the Fukushima-Daiichi accident, and it can result in
the loss of the reflected signal which containing the information of
water level. To handle this problem, one of the simplest approaches
is for operators to access an equipment room where the AWG is
installed andmeasure the reflected optical power with a hand-held
type on-site reflectometer. Since, the previously proposed remote
reflectometer is employing a commercial optical spectrum analyzer
(OSA) for water level measurement, it is difficult for operators to
carry it from the main control room in an emergency situation for a
nuclear power plant.
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Fig. 1. Configuration of the proposed water level monitoring system based on wavelength division multiplexing.
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In this letter, we propose a very simplewater level measurement
method based on the WDM technique with an on-site reflectom-
eter for a fast emergency response. For the purpose of multiplexing,
it utilizes a broadband light source (BLS) and an arrayed waveguide
grating (AWG). By measuring the total reflection power resulting
from the optical fiber tips (OFTs) depending on the presence of the
water, the water level can be detected easily with an optical power
meter (OPM). Above all, the proposed scheme can be implemented
easily with the commercially available optical components and
devices.

Fig. 1 shows the architecture of the proposed on-site water level
monitoring system. It consists of an on-site reflectometer for power
measurement of the reflected optical signal, a 1 � N AWG for
channel multiplexing/de-multiplexing, and OFTs for sensing the
water presence. As shown in the inset of Fig. 1, the on-site reflec-
tometer consists of a C-BLS based on ASE (amplified spontaneous
emission), an optical circulator and an OPM. The ASE light for BLS is
generated by a pumped erbium-doped fiber. It can provide a large
bandwidth (more than 30 nm) with the gain-flattened output
spectrum (2.5-dB power deviation at maximum) [14]. For the
measurement of total reflected optical power at the on-site loca-
tion, the proposed reflectometer is designed for portable use. By
accessing the equipment room, the reflectometer is connected to
one of the optical coupler ports.
Fig. 2. (a) Schematic diagrams of the OFT and (b) measured spectra according to the refract
The basic principle of water level sensing is based on the Fresnel
reflection occurring at the OFTs due to the change of refractive
index [14]. The OFT is based on a single mode fiber including the
standard SC/PC type connectors with a ceramic ferrule diameter of
2.5 mm at the ends of the fiber. Fig. 2(a) and (b) show the schematic
diagrams of the OFTs and measured optical spectra at 1550 nm
according to the Fresnel reflection in the air and water, respectively.
The Fresnel reflection power coefficient (Rm) at the OFT is given by

Rm ¼
 
nf � nm
nf þ nm

!2

(1)

where nf and nm correspond respectively to the refractive index of
the fiber and surrounding materials (na for air, nw for water) at the
end facet of the fiber tip. For the calculation of Rm, we assumed the
refractive index of the fiber is 1.4492, air is 1.0002739, and water is
1.3152 at 10 �C [15e17]. Moreover, these values can be approxi-
mated by constants within C-band regardless of wavelength and
temperature dependence [14]. The theoretical values of the Fresnel
reflection power coefficient are about�26.3 dB (0.23%) in thewater
(Rwater) and �14.7 dB (3.36%) in the air (Rair), respectively. The re-
flected power difference (DP) between Rair and Rwater is 11.6 dB as
shown in Fig. 2(b).
ive indices of materials ( Rair : reflection in the air, and Rwater: reflection in the water).



Fig. 3. Measurement and simulation values of the received optical power at each of the
11 AWG channels (a) spectrum-sliced BLS (b) reflection in the air (c) reflection in the
water.
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To check a multi-channel sensing capability, we also measured
the reflected power difference between two materials for the 11
channels of AWG. Fig. 3(a) shows the received optical power of the
BLS which is spectrally sliced by the AWG, and Fig. 3(b), (c) show
the received optical powers reflected from the air and water ac-
cording to the channels, respectively. The measurement results
presented similar reflection characteristics in each channel, and
these results (solid marks) were well matched with the simulation
results (hollowmarks). Thus, by measuring the total optical powers
reflected from the OFTs installed in a water pool, the current status
of the water level can be easily monitored in a real-time for a rapid
emergency response.

Next, it is important to compare the optical received powers to
the optical spectra depending on the water levels to verify the
feasibility of the proposed method. The intensity of the received
optical spectrum in front of the on-site reflectometer can be
expressed as Eq. (2) [14].

IoutputðlÞ ½W� ¼ 10

�
�LIL

10

�
$Rm $ jEASEðlÞj2$

��� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TAWGðlÞ

q ���4 (2)

Here, EASEðlÞ and TAWGðlÞ correspond to the electrical field of BLS
based on ASE light and the AWG transfer function, respectively. The
AWG can be modeled as a series of band-pass filters with a
Gaussian passband:

TAWGðlÞ¼
XN
i¼1

exp

"
� ln2

�jl� lij
DlBW

�2m
#

(3)

where i is the channel number, N is total number of channels, and li
is the center wavelength of each AWG channel which has a channel
spacing between the adjacent channels. DlBW is the 3 dB band-
width of each channels, and m represent the filter order for super-
Gaussian shape at each channels, respectively. The parameter
values for AWG are m of 1.415, DlBW of 0.64 nm, and the channel
spacing of 0.8 nm. Next, the parameter of LIL in Eq. (2) represents
the total insertion loss of the signal reflection path in dB scale, and
it can be expressed with below Eq. (4) for the proposed scheme
based on the on-site reflectometer.

LIL½dB� ¼2
�
LOC þ LAWGþ LOFT þ LCoupler

�
(4)

where LOC , LAWG, LOFT , and LCoupler represent the insertion losses of
the optical circulator, AWG, OFT, and optical coupler, respectively.
For the simulation, we estimated LOC of 1.5 dB, LAWG of 4.5 dB, and
LOFT of 1 dB. These insertion losses are based on the measurement
results. Here, the optical coupler is not included in the experiment
setup for demonstration. Based on the above equations, the total
reflected optical power can be calculated by integrating the
received optical intensity within the interested wavelength band. It
should be noted that the fiber length between the equipment room
and the spent fuel pool is considered to be within a few tens of
meter maximally, so that the Rayleigh backscattering effect
resulting from the transmitted BLS can be negligible [18].

In this experiment, we demonstrated the proposed scheme for
11 channels of AWG with the C-band due to the limitation of the
experimental equipment. We utilized 10 nm wavelength band
(1545e1555 nm) of the BLS with the help of the optical band-pass
filter. Themeasured total BLS powerwas aboutþ6 dBm (OSA:�11.2
dBm/0.2 nm) after passing the optical circulator. The BLS output
was spectrum-sliced by the flat-top passband AWG. The channel
spacing and 3 dB bandwidth of the AWG were about 0.8 nm
(100 GHz) and 0.64 nm (80 GHz), respectively. For the channel 6 of
the AWG (center wavelength: 1550 nm), the measured spectrum-
sliced BLS power was about �10.5 dBm (OSA: �15.7 dBm/
0.2 nm). The OFTswere connectedwith the 11 channels of the AWG,
and their lengths and losses of the OFTs were about 2 m and within
1 dB, respectively. The tips were immersed in a tank filled with the
water of about 10 �C and the height of the water tank was about
30 cm. It should be noted that the proposed method is utilizing the
existing passive equipment (such as the AWG and OFTs) that are
already installed for remote sensing with the remote reflectometer.
Thus, in this configuration, the two channels of the AWG (channel 1
for primary and 11 for back-up) still function as the reference
channels whichmeasure only the optical powers reflected from the
air.

Fig. 4 shows the measured and simulated optical spectra of 11
WDM channels in front of the on-site reflectometer at the full water
level (a), the medium level (b), and the lowest water level (c),
respectively. The experimental results show a good agreement with
the simulation results. The BLS output spectrum was measured
after passing through the optical circulator. As mention above, this
proposed method is utilizing the legacy water level monitoring
system for remote sensing, the 9 sensing channels (ch2~10) can be
used to identify the presence of thewater according to the specified
installation positions. Thus, in this demonstration, the 10 steps of
water level can be presented with the 9 sensing channels from the
lowest level of 0 step (1/111111111/1) to the highest level of 9 step
(1/000 000 000/1). Here, ‘0’ and ‘1’ levels indicate the presence and
absence of water according to the AWG channels such as digital
signal modulation, respectively. Moreover, the number of sensing
channels is related with the spatial resolution of the measurement
system. The spatial resolution (h) of water level can be represented
with below equation,

h¼H=ðN�1Þ (5)

where H is the total interesting height of the pool and N is the
number of AWG channels, respectively. For example, a 32 channel
AWG is selected for water level measurement with the 9m depth of
water pool, the spatial resolution becomes about 0.3 m. It may be
noted that this resolution is enough to meet the minimum reso-
lution requirement for SFP [19].

Next, we measured the reflected optical power depending on
the water level with the OPM. As shown in Fig. 5, it is observed that
the received optical power decreases with the increase of water
level due to the increasing of the number of OFTs submerged in the
water. The simulation results are also plotted to compare with the
experimental results. In this figure, the maximum power difference
between the experiment and the simulation (ideal case) results is



Fig. 4. Measured and simulated optical spectra of 11 WDM channels according to the water level: (a) the full water level, (b) the mediumwater level, and (c) the lowest water level.

Fig. 5. Measured and simulated optical power according to the water level. The inset
shows the enlargement part of the received optical power according to temperature at
the highest water level (step 9).
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less than 0.3 dB. This power difference can be attributed to a variety
of factors depending on the channels, such as the different insertion
losses (including the AWG, OFT) and the spectral profile of the BLS
output. Moreover, these factors are also related to the linear char-
acteristic of the sensor system. Thus, when designing the sensor
system based on WDM, these components should be carefully
selected to guarantee the linearity. To illustrate the sensor's line-
arity, the linear fitting curve (y ¼ b1xþ b0) is represented based on
the experimental data. The linear fit curve has the slope (b1)
of �0.3588 and the intercept (b0) of 4.6187, respectively. The co-
efficient of determination (R2) for the linear fit is 0.998 and it shows
an excellent linear response characteristic.

In addition, we investigated the effect of temperature variation
in thewater with simulation. This is because thewater temperature
in a spent fuel pool can be changed by the external environmental
condition such as a trip of recirculation cooling pump [14]. For this
simulation, we assumed the reflective indices of water which are
1.3118 at 40 �C, 1.3060 at 70 �C, and 1.2977 at 100 �C, respectively
[17]. These simulation results are also shown in Fig. 5. The higher
the water level, the greater the variation in total received power
due to changes in the temperature of the water. This is because the
number of the OFTs which is submerging in the water also in-
creases. The inset of Fig. 5 represents the enlargement part of the
received optical power according to temperature at the highest
water level of step 9 (1/000 000 000/1), and the maximum power
variation (DPtemp) is only about 0.3 dB. It should be noted that the
power difference between the water level of step 8 and 9 is about
1.3 dB. Thus, it can be negligible the effect of temperature changes
in the water for level measurement.

In summary, we have proposed and experimentally demon-
strated a very simple water level measurement method based on
WDM. The implementedWDM sensor systemprovides an excellent
linear response with an enhanced spatial resolution, and
robustness on the temperature variation of water. Moreover, it can
be implemented easily with commercially available optical com-
ponents and devices for the purpose of on-site measurement. It is
expected that the proposedmethod could be applied as an auxiliary
monitoring system for a spent fuel pool to response emergency
situation.
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Unlike the time division multiplexing (TDM) method [1], the
proposedWDM technique has lots of advantages for the water level
measurement. First, the WDM can increase the spatial resolution
(h) for water level easily compared to the TDM, by reducing the
channel bandwidth of the AWG. Because of the high insertion loss
of optical coupler, there is a limitation to expand the number of
channel ports in the TDM-based method. Second, it does not need
any careful consideration for optical fiber length related to a
delayed time of the reflected light according to the channels. As a
result, it can enhance the efficiency of maintenance with the
reduced cost.

In spite of these merits, the contact type of OFTs can be affected
by the floating particles (such as dust) or small particles dissolved
in the water. These particles can cause the performance degrada-
tion by adhering to the end facets of OFTs. However, it can be
mitigated considerably by the purification system of SFP. This pu-
rification function is carried out through one or two flow paths to
prevent corrosion of spent fuels and related facilities. These flow
paths are consisting of floating removal filters, ion exchangers and
so on. Even if the water quality is maintained through the purifi-
cation system, some contamination materials can be attached on
the surfaces of the OFTs over time. One of the simple solution is to
replace the contaminated OFT with a new one. To facilitate this
maintenance activity, each OFT needs to be divided into two sec-
tions with an optical connector. Thus, by replacing the section that
the OFTs are submerged into the water for level sensing at every
certain period of time, the system performance can be maintained
for a long time. A periodic test with the optical spectrum analyzer
will be helpful to monitor the condition of each OFT for determi-
nation of the replacement cycle.
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