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Abstract: An intensity-interrogated optical fiber hot-wire anemometer employing a cobalt-doped
fiber Bragg grating (CD-FBGQ) is proposed and experimentally demonstrated. The CD-FBG absorbs
light energy from a 1480 nm laser and turns into a “hot wire” with its temperature decreasing and
therefore reflection spectrum blue-shifting with the airflow velocity. To achieve intensity
interrogation, a wavelength-switchable narrow-linewidth probe laser is used, which makes the
reflected optical power from the CD-FBG change monotonously with the airflow velocity in a
certain measurement range. In the experiment, the high sensitivity of —1 248 pW/(m/s) is achieved at
the airflow velocity of 0.05 m/s. The measurement range is extended to 0 m/s—8.0 m/s by switching
the probe laser wavelength. The response time and recovery time of the anemometer are 0.5 seconds
and 0.6 seconds, respectively. The intensity interrogation scheme and simple structure of the
anemometer probe greatly reduce the cost and make it a promising solution for high-precision
airflow velocity measurement in many practical applications.
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1. Introduction in many fields, including meteorological monitoring,

Airflow velocity measurement is very important wind power generation, aviation and navigation, and
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agricultural production. In recent years, optical fiber
based hot-wire anemometers emerged as a highly
competitive solution, attributed to their compact size,
robust resistance to electromagnetic interference,
and capability for long-distance measurement [1-7].
The typical sensing probe of the optical fiber
hot-wire anemometer is a fiber Bragg grating (FBG)
coated with a metal film or written in a cobalt-doped
fiber (CDF) [8—14]. It is usually heated optically by
using a laser, whose light energy is absorbed by the
coated metal film or CDF to generate heat. The
Bragg wavelength of the FBG shifts with the airflow
velocity due to the cooling effect of the airflow,
enabling the measurement of the airflow velocity
[15-19]. However, the wavelength interrogation
system, such as the optical spectrum analyzer and
wavemeter, is usually bulky and costly, which poses
significant limitation on the practical applications of
these FBG based hot-wire anemometers [20-25].
Recently, an intensity-interrogated optical fiber
hot-wire anemometer employing the chirp effect of a
silver-coated FBG has been introduced as a potential
solution to address this issue [26]. However, the
FBG still needs to be coated with the silver film and
assisted by a long-period fiber grating (LPG) that
couples the heating laser from the core to the
cladding. On the other hand, FBGs inscribed in
cobalt-doped fibers (CD-FBGs)

capability to absorb laser power and generate heat

possess  the

all by themselves, which eliminates the requirements
for both the metal film coating and heating laser
coupling, thus simplifying the probe structure and
reducing the fabrication complexity significantly.
Moreover, the bare fiber design inherently prevents
oxidation and delamination issues associated with
metal coating films, leading to better long-term
reliability of FBG anemometers [27-29].

In this paper,
interrogated optical fiber hot-wire anemometer by

we propose an intensity-

utilizing a CD-FBG and a wavelength-adjustable
probing laser. The CD-FBG is heated and turned
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into a “hot wire” by using a heating laser. In the
presence of airflow, its temperature decreases with
the airflow velocity, causing a blue shift in its
reflection spectrum. By locating the probing laser
wavelength well in the linear region of the reflection
spectrum of the CD-FBG, intensity-interrogated
airflow velocity measurement is achieved through
the measurement of the reflected laser power from
the CD-FBG. Experimental results demonstrate the
high sensitivity of —1 248 pW/(m/s), =574 uW/(m/s),
=331 uW/(m/s), —26 uW/(m/s), and —10 uW/(m/s)
at the airflow velocity of 0.05m/s, 0.5 m/s,
1.0 m/s, 4.0m/s, and 8.0 m/s, respectively. The
0 m/s—8.0 m/s and the
~0.5 seconds. The
low-cost intensity-interrogation method and simple
fiber

anemometer as a promising solution for airflow

measurement range is

dynamic response time is

structure position this optical hot-wire

velocity measurement.

2. Probe structure and working principle

The schematic diagram of the proposed
CD-FBG anemometer probe is shown in Fig. 1(a). It
comprises a 1.5-mm-long CD-FBG sandwiched
between two single-mode fibers (SMFs) through
fusion splicing. The CDF features a core/cladding
diameter of 8 um/125um and an absorption
coefficient of ~13.9 dB/cm within the wavelength
range of 1250nm-1620nm. The CD-FBG is
inscribed using an excimer laser through the phase
mask method. Figure 1(b) shows the reflection and
transmission spectra of the CD-FBG. The peak
reflection wavelength is 1 539.06 nm with relatively
low reflectivity of 20% and a 3-dB bandwidth of
0.54 nm.

The experimental setup is shown in Fig. 2. The
heating laser is a 1 480 nm laser diode with output
power of 100 mW. It is launched into the CD-FBG
through a 1550 nm/1 480 nm wavelength division

multiplexer (WDM). The probe laser used here is a
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Fig.1 Schematic diagram (a) and reflection and

transmission spectra (b) of the CD-FBG.
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tunable semiconductor laser (TSL, TSP-1 000,
Ovlink, China) with a narrow linewidth of 0.2 pm
and a wavelength rang of 1 527 nm—1 610 nm. It is
launched into the anemometer probe through an
optical circulator. The reflected light signal is
measured at the third port of the circulator by using
a benchtop optical power meter (OPM, PM320E,
Thorlabs, USA). The tunable airflow velocity is
provided by using a wind tunnel and monitored by
using an electrical hot-wire anemometer (Testo 425,
Testo, Germany). The CD-FBG is sandwiched
between two single-mode fibers and positioned
perpendicular to the wind direction at the outlet of
the wind tunnel by using two fiber clamps. It is
stretched to prevent the undesirable fiber bending
and vibration.

Circulator

Fig. 2 Experimental setup for airflow velocity measurement.

The working principle is shown in Fig. 3. When
the CD-FBG is irradiated by the heating laser, the
laser power is absorbed and converted into heat,
leading to a red shift in the reflection spectrum of
the CD-FBG [13]. When the CD-FBG is subjected
to the airflow, airflow accelerates heat dissipation
from the CD-FBG, resulting in a temperature drop
and hence a blue shift of the CD-FBG’s reflection
spectrum. By strategically choosing the wavelength
of the probing laser to make it work within the
relatively linear region of the CD-FBG’s reflection
spectrum, as shown in Fig. 3, the reflected optical
CD-FBG will be

monotonically with the airflow velocity over a

power of the changed

certain measurement range.

WDM
A Heating laser on
) v£0 Heating laser on
Heating laser off \

v=0

Intensity

Wavelength

Fig.3 Working principle of the intensity-interrogated
CD-FBG hot-wire anemometer.

In theory, the heat generated in the CD-FBG
when it absorbs laser energy can be expressed
as [30]
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chn ZBQ(ZCL (1)

where P; is the laser power, ¢ is the converting
coefficient from light power to heat, a. is the
absorption coefficient of the CDF to the laser light,
and L is the length of the CD-FBG.

At the same time, the heat dissipation from the
CD-FBG to the surrounding air can be expressed as
[14, 31]

Hgo=(4+Bv' )T, - T;) 2)
where v is the airflow velocity, 4 and B are
empirical calibration constants, 7, is the temperature
of the CD-FBG when the airflow velocity is v, Tai is
the temperature of the airflow, and » is an empirical
parameter that directly determines the nonlinear
relationship between the airflow velocity and heat
dissipation.

The temperature of the CD-FBG is therefore
decided by the two dynamic processes of heat
Under a
equilibrium situation, i.e., Heen=Hais, the temperature
of the CD-FBG can be given as a function of the
airflow velocity by [26, 30]:
L
Since the wavelength shift of an FBG is directly

generation and dissipation. thermal

TL:T;ir—i_

proportional to the temperature variation, A7, the
wavelength shift of the CD-FBG at the airflow
velocity of v compared to the initial peak
wavelength at no airflow can be expressed as
[12,30]

K.Bpal KBpal
A+ BV' A

where Kr is the temperature sensitivity of the
CD-FBG, and AT=T,—T,~ is the temperature change

when the airflow velocity is increased from 0 to v.

A=K, AT =

When the wavelength of the probing laser is
positioned within the linear region of the reflection
spectrum of the CD-FBG, the variation in reflected
optical power can be expressed as the function of
airflow velocity by [32, 33]:

X X

- )

AP =kAA =
A+BV' A
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where k is the slope of the linear region of the
CD-FBG’s reflection spectrum, X=kKrP;pa.L is a
constant for the given heating laser power and
CD-FBG.

3. Experimental results and discussions

Before airflow velocity testing, the temperature
sensitivity of the CD-FBG is tested by utilizing a
temperature-controlled oven. We replace the TSL
and OPM in the experimental setup with a
broadband light source (BBS) and an optical
(OSA, AQ6370D,
respectively, to measure reflection spectra of the

spectrum analyzer Japan),
CD-FBG. The measured results, as shown in Fig. 4,
indicate an obvious redshift of 1.88 nm with the
temperature sensitivity of 12 pm/°C when the

temperature is increased from —20 °C to 140 °C.
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Fig.4 Measured reflection spectra (a) and the peak
wavelength (b) of the CD-FBG at different temperature.

The laser heating response of the CD-FBG is
then tested. Figure 5 shows the measured results of
the reflection spectra and peak wavelength of the
CD-FBG when the heating laser power is increased
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from 0 mW to 100 mW. It can be seen that the peak
wavelength is shifted by 1.9 nm, from 1 539.06 nm
to 1540.96 nm, corresponding to the temperature
increase of ~160 °C, when the heating laser power is
increased from 0 mW to 100 mW. The heating rate
of the CD-FBG is 19 pm/mW, corresponding to
1.6 °C/mW, with the good linearity of 0.998. During
the measurement, the surrounding air temperature is

maintained at 20 °C, and the airflow velocity is zero.
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Fig. 5 Measured reflection spectra (a) and peak wavelength
and calculated temperature (b) of the CD-FBG at different
heating laser power.

Then, we change back the experimental setup to
what is shown in Fig. 2 and measure the spectrum of
the reflected optical power of the CD-FBG by
scanning the wavelength of the probing laser. Power
of the heating and probing lasers is fixed at 100 mW
and 10 mW, respectively. The measured spectrum,
as shown in Fig. 6(a), agrees well with our
prediction and shows that there are two almost linear
regions on both sides of the spectrum. Considering

the blue shift of the spectrum with the airflow
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velocity, the emission wavelength of the probing
laser is chosen at either 1 540.65 nm or 1 541.07 nm
in the following test.
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Fig. 6 Measured reflected optical power of the CD-FBG
against the probing laser wavelength (a) and against the airflow
velocity when the probing laser wavelength is fixed at
1 540.65 nm and 1 541.07 nm, respectively (b).

Figure 6(b) shows the measured reflected optical
power against the airflow velocity. It can be seen
that the power
monotonically for the probing laser wavelength of
1 541.07 nm, while it is not for the probing laser
wavelength of 1 540.65 nm. Since the nonmonotonic
response may cause an additional error in the
1541.07 nm is
following experiments.

However, there is another problem with the
airflow velocity measurement. The

reflected  optical changes

measurement, chosen in our

effective
measurement range for a single probing laser
wavelength is quite limited. It can be seen in
Fig. 6(b) that the reflected optical power is reduced
quickly to almost zero, when the airflow velocity
reaches 0.2 m/s. To extend the measurement range,
several more probing laser wavelengths with the
similar monotonical responses are selected and used
in our experiment.



Page 6 of 10

Figure 7 shows the measured reflected optical
power of the CD-FBG against the airflow velocity
when the probing laser wavelengths, A,, are set
at 1541.07nm, 1540.72nm, 1 540.40 nm,
1 540.10 nm, The
effective measurement ranges are 0.0 m/s—0.2 m/s,

and

respectively. corresponding
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0.2 m/s—0.5 m/s, 0.5 m/s—1.5 m/s, and 1.5 m/s— 8.0 m/s
for the four wavelengths, respectively. After fitting
the data with the form of (5) within the individual
measurement ranges, we achieve the following
relationships between the reflected optical power
and airflow velocity, as shown in (6).
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Fig. 7 Reflected optical power of the CD-FBG hot-wire anemometer as a function of the airflow velocity at different probing laser
wavelengths of (a) 1 541.07 nm, (b) 1 540.72 nm, (c) 1 540.40 nm, and (d) 1 540.10 nm.

875.8/(0.92+v**)-730.9, if A, =1541.07
227.3/(0.16+v"**)—=299.5, if A, =1540.72
220.6/(0.02+v**)—148.9, if A, =1540.40
858.0/(1.44+v"%)=179.5, if A, =1540.10.

P=

Based on (6), measurement of the airflow
velocity between 0.0m/s and 8.0 m/s can be
achieved by switching the wavelength of the probing
laser sequentially and calculating airflow velocity by
equation where the

using the corresponding

reflected power signal is recorded.
(6), the
sensitivity at any airflow velocity is achieved and

By differentiating measurement

shown in Fig. 8. It can be seen that the sensitivity
declines with the airflow velocity within each
measurement range and also generally shows a
downward trend within the overall measurement
range. For example, the sensitivity at the airflow
velocity of 0.05 m/s, 0.5 m/s, 1.0 m/s, 4.0 m/s, and
8.0m/s are —1248 uW/(m/s), —574 uW/(m/s),
=331 uW/(m/s), =26 uW/(m/s), and —10 uW/(m/s),
respectively. Compared to our previously reported
intensity-interrogated anemometer utilizing a
chirped FBG [26], the current design demonstrates
the significant improvement in the sensitivity. For
instance, the sensitivity is enhanced by ~80 times at

the airflow velocity of 0.5 m/s.
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It is important to note that the measurement
sensitivity can be further enhanced by increasing the
heating laser power to raise the initial temperature of
the CD-FBG hot-wire. However, this approach
results in a faster wavelength blueshift (due to
higher temperature) of the CD-FBG under the

airflow velocity, thereby reducing the measurement
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range of individual probing laser wavelengths.
Alternatively, extending the CD-FBG length can
improve the reflectivity and signal intensity, thus
boosting the sensitivity. Yet, this method faces the
same trade-off issue, as the reflection spectrum
bandwidth diminishes with the increasing grating
length [34].

0
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0.2 0.812 !
E V2(0.92 +1°%) / P TeR
Z
=1
> 800 F ~176.47
E 192(0.02+v°%)?
~181.81
v*2(0.16 +v"*)?
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Airflow velocity (m/s)

Fig. 8 Sensitivity of the CD-FBG hot-wire anemometer as a function of the airflow velocity.

The airflow velocity measurement range of
0 m/s—8.0 m/s is

specifications.

limited by the wind tunnel
However, according to the
calculation results from (6), the maximum detectable
airflow velocity may reach 14 m/s, where the
reflected optical power drops to 8.99 uW — still
exceeding the optical power meter’s measurement
limit. In contrast, the minimum detectable velocity is
as low as 80 um/s, based on the power meter’s
0.1 pW resolution and the sensitivity at 0.05 m/s.
The dynamic response characteristics of the
CD-FBG hot-wire anemometer are examined by
strategically positioning a baffle at the wind tunnel
exit and manipulating its switch to vary the airflow
velocity alternately between 0.0 m/s and 0.2 m/s.
The measured results, as shown in Fig. 9, reveal that
the average response time and recovery time are
~0.5 s and 0.6 s, respectively. It is noteworthy that
switching of the baffle also takes some time, so the
actual dynamic response time of the anemometer
should be shorter than the above values.

0m/s

Reflected optical power (LW)

0.2 m/s

20 25 30 35 40 45 50
Time (s)
Fig. 9 Dynamic response of the CD-FBG hot-wire
anemometer.

To evaluate the repeatability of the CD-FBG
hot-wire  anemometer, three ramp-up and
ramp-down cycles of the airflow velocity are
conducted under the probing laser wavelength of
1 541.07 nm. The measured results with the standard
deviation error bars are shown in Fig. 10. The tight
distribution with standard deviation values spanning
from 1.26 yW to 3.11 uW indicates the high
repeatability of the proposed anemometer. And the
measurement precision, derived from the maximum

standard deviation, is ~0.001 9 m/s.
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Fig. 10 Repeatability measurement results of the CD-FBG
hot-wire anemometer.

To evaluate the stability of the CD-FBG hot-wire
anemometer, it is tested at different velocity of
00m/s, 0.2m/s, 0.3m/s, 1.0m/s, and 6.0 m/s,
respectively, for 100 seconds. The results, as shown
in Fig. 11, demonstrate good robust performance
with the maximum absolute variation of only
3.7 uW and relative variation of 3%.
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Fig. 11 Stability measurement results of the CD-FBG
hot-wire anemometer at different airflow velocity.
In the above tests, the CD-FBG is oriented

perpendicular to the airflow direction. If the airflow
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the
anemometer, based on our preliminary experimental
study, will be reduced slightly. It is because the

direction is oblique, sensitivity of the

parallel airflow component exhibits relatively lower
heat removal efficiency than the perpendicular one
[8]. Further studies will be conducted to precisely
understand its orientation characteristics and achieve
simultaneous measurement of the airflow direction.
It is that the
temperature is maintained at 20 °C during the above

also noteworthy ambient
experiments. Variations in the ambient temperature
will alter the initial peak wavelength of the CD-FBG,
although the wavelength shift relative to the airflow
velocity will be unaffected. To compensate for this
effect of the ambient temperature, real-time ambient
temperature  monitoring  and
the

wavelength can be conducted. It is feasible because

corresponding

adjustment of probing laser’s emission
the ambient temperature is usually changed slowly
and smoothly. Given the high reliability of silica
fibers,
applicable to a wide temperature range.

Table 1

proposed CD-FBG hot-wire anemometer with prior

the proposed hot-wire anemometer is

compares the performance of the
optical fiber grating-based hot-wire anemometers.
Besides the low-cost intensity-interrogation method
over the wavelength-interrogation systems, our
proposed anemometer eliminates the need for the
metal coating and heating laser coupling. In addition,
the sensitivity is improved significantly if compared
to that in [26].

Table 1 Performance comparison of some reported optical fiber grating hot-wire anemometers.

Type Coating material  Interrogation method Range (m/s) Sensitivity at 0.5 m/s Reference
CD-FBG N/A Wavelength 0-8.0 —0.20 nm [12]
FBG + LPG Silver Wavelength 0-5.0 —0.17 nm [15]
FBG + bitaper Silver Wavelength 0-13.7 —0.30 nm [16]
FBG + multimode fiber Silver Wavelength 0-2.6 —2.15 nm [17]
Etched FBG + bitaper Silver Wavelength 0-17.0 —0.89 nm [20]
CD-LPG N/A Wavelength 0-8.0 —2.29nm [30]
Titled-FBG CNT Intensity 0-0.65 —3.00 dB [24]
Titled-FBG SWCNT Intensity 0-2.0 —7.42 dBm [25]
FBG + LPG Silver Intensity 0-11.0 —7.13 uW [26]

CD-FBG N/A Intensity 0-8.0 —573.84 uW Our work

SWCNT: single wall carbon nanotube.
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4. Conclusions

An intensity-interrogated optical fiber hot-wire
anemometer utilizing a CD-FBG has been proposed
and demonstrated. Experimental results reveal that
the high sensitivity of —1 248 pW/(m/s) has been
achieved at the airflow velocity of 0.05 m/s. The
measurement range is up to 0m/s—8.0 m/s by
switching the probing laser at four selected
wavelengths. The response and recovery time of the
anemometer is less than 0.5 second and 0.6 second,
respectively. It eliminates the need for the metal
coating and laser light coupling, thereby simplifying
the structure and manufacturing process of the
anemometer probes. Moreover, the intensity-
interrogation method can reduce the overall cost of
the anemometer system significantly and make it a

very promising candidate for airflow velocity

measurement in a wide range of industrial
applications.
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