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Fast-response fiber-optic anemometer with 
temperature self-compensation 

Guigen Liu,1 Weilin Hou,2 Wei Qiao,1 and Ming Han1,* 
1Department of Electrical and Computer Engineering, University of Nebraska-Lincoln, Lincoln, NE 68588, USA 

2Naval Research Laboratory, Code 7333, Stennis Space Center, MS 39529, USA 
*mhan@unl.edu 

Abstract: We report a novel fiber-optic anemometer with self-temperature 
compensation capability based on a Fabry-Pérot interferometer (FPI) 
formed by a thin silicon film attached to the end face of a single-mode fiber. 
Guided in the fiber are a visible laser beam from a 635 nm diode laser used 
to heat the FPI and a white-light in the infrared wavelength range as the 
signal light to interrogate the optical length of the FPI. Cooling effects on 
the heated sensor head by wind is converted to a wavelength blueshift of the 
reflection spectral fringes of the FPI. Self-temperature-compensated 
measurement of wind speed is achieved by recording the difference in 
fringe wavelengths when the heating laser is turned on and then off. Large 
thermal-optic coefficient and thermal expansion coefficient of silicon 
render a high sensitivity that can also be easily tuned by altering the heating 
laser power. Furthermore, the large thermal diffusivity and the small mass 
of the thin silicon film endow a fast sensor response. 
©2015 Optical Society of America 
OCIS codes: (060.2370) Fiber optics sensors; (120.6810) Thermal effects; (120.2230) Fabry-
Perot ; (120.3180) Interferometry. 
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1. Introduction 

Measurement of speed of gas or liquid flow is of great practical importance in a variety of 
industries, such as pharmacy, oil exploration, chemical plants, and oceanography research. 
Owing to their many unique advantages, such as small size, light weight, immunity to 
electromagnetic interference, and remote sensing capability in harsh environments, fiber-optic 
flowmeters or anemometers have proven to be attractive alternatives to their traditional 
mechanical or electromagnetic counterparts and have been extensively studied in the past few 
years [1–6]. 

The sensing mechanism of a fiber-optic flowmeter or anemometer varies significantly 
from one to another. For example, a fiber Bragg grating (FBG) anemometer based on Doppler 
effects has been reported [7]. An anisotropic flat-clad tapered fiber Michelson interferometer 
has been devised to report both wind direction and wind speed by interrogating the bending of 
the fiber in response to wind [8]. A few other fiber-optic anemometers are based on the 
bending of a tapered single-mode fiber (SMF) [4] or an elastic poly microwire [5]. Hot-wire 
based fiber-optic anemometers are another type that has been widely investigated and have 
shown great promise [1–3, 9, 10]. In particular, the laser heated fiber-optic hot-wire 
anemometers exhibit controllable sensitivity, responsibility and dynamic range. The principle 
of hot-wire anemometers is that the cooling effect brought by wind reduces the temperature of 
the sensor, which in turn causes a signal change such as a shift of the FBG wavelength. In 
addition to the cooling by wind, the wind temperature itself also influences the readouts of the 
anemometer. The elimination of the cross-sensitivity to wind temperature is therefore a key 
and inevitable issue of the hot-wire anemometers. While methods for temperature 
compensation in electronic hot-wire anemometers have been investigated [11], few efforts 
have been devoted to temperature-compensation of fiber-optic anemometers. According to 
the theoretical model for a FBG hot-wire anemometer [9], the heat loss is related to the 
product of the temperature difference and the square root of wind speed. Therefore, it is a 
fundamental challenge to distinguish the signals from the wind temperature and those from 
wind speed, even with the help of a separate reference temperature sensor. 

In this paper, taking advantage of the unique optical and thermal properties of silicon 
material, we demonstrate a miniature fiber-optic anemometer based on a silicon Fabry-Pérot 
interferometer (FPI) formed at the tip of a SMF that possesses many advantages over 
previously reported sensors. We show that the sensor, heated by a visible laser and 
interrogated by a broadband infrared (IR) light, has the ability to distinguish the signal 
induced by wind temperature and that by wind speed through controlling heating laser power 
and observing the fringe shifts from the cooling effect of wind speed. The proposed sensor 
also possesses high sensitivity and fast response due to the large thermal diffusivity, large 
thermo-optic coefficient (TOC), and large thermal expansion coefficient (TEC) of silicon. 

The rest of the paper is arranged as follows: sensor structure, principle of operation, and 
comprehensive theoretical analysis are provided in Section 2; followed by the experimental 
demonstration in Section 3; and the final conclusion is presented in Section 4. 

2. Principle of operation and theoretical analysis 

The structure of the fiber-optic anemometer is schematically shown in Fig. 1(a). A 10 μm-
thick silicon film is mounted on the endface of a SMF forming an FPI that gives rise to 
fringes in the reflection spectrum. The signal white-light centered at 1550 nm is injected 
through the SMF to the FPI and the reflection spectrum is recorded by a high-speed 
spectrometer. At the same time, a heating light from a 635 nm diode laser is guided through 
the same SMF to the heat the FPI. Silicon has a band gap energy of 1.11 eV and highly 
transparent to signal light but is opaque to the heating laser. Therefore the FPI temperature 
can be effectively increased by the laser heating. When the wind blows over the surface of hot 
silicon film, cooling effects will reduce the temperature of the silicon FPI and introduce a 
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blue shift to the fringe valley wavelength of the reflection spectrum, as schematically shown 
in Fig. 1(b). As theoretically shown below and experimentally demonstrated in Section 3, the 
wavelength shift can be separated into the wind-temperature-induced wavelength shift and the 
wind-speed-induced wavelength shift. As a result, temperature self-compensated 
measurement of wind speed is achieved by the difference in the wavelengths of a fringe 
valley when the heating laser is turned on and off to achieve the temperature-compensated 
wind speed. 

 

Fig. 1. (a) Schematic illustration of the proposed wind probe. (b) Blueshift of the wavelength 
dip in response to the cooling effects by blowing wind. (c) Schematic model for the heat 
transfer analysis. 

The wavelength position of the thN  fringe valley, Nλ , in the reflection spectrum of the 
silicon FPI is expressed as 

 2 ,NN nLλ =  (1) 

where n and L are, respectively, the RI and cavity length of the silicon FPI. Owing to the 
thermo-optic effect and thermal expansion, both n and L are functions of the FPI temperature. 
Therefore, Nλ  can be used for measurement of the FPI’s temperature and its sensitivity is 
given by 

 1 1 .N
N

n L

T n T L T

λ λ∂ ∂ ∂ = + ∂ ∂ ∂ 
 (2) 

In Eq. (2), n / T∂ ∂  and L / L
T

∂
∂

 are, respectively, the TOC and TEC of silicon, both of which 

are assumed to be constants within the temperature range in our experiment (from room 
temperature to less than 100 °C). Integrating Eq. (2) on both sides and, for simplicity, 
ignoring the symbol for the fringe order lead to 

 0 .KTλ λ= +  (3) 

where 0λ  is the intercept wavelength, ( / / )N

n L
K n L

T T
λ ∂ ∂= +

∂ ∂
 is the temperature sensitivity. 

As shown in our previous work [12], the large TOE and TEC of silicon can lead to 
significantly improved sensitivity and resolution than silica-based fiber-optic temperature 
sensors. 

The existence of heating light increases the temperature of the silicon FPI above that of 
the ambient air. When the sensor is placed in wind, the temperature of the heated silicon film 
will decrease due to the loss of heat energy, leading to a blueshift in the fringe valley 
wavelength as shown in Fig. 1(b). To facilitate the quantitative evaluation of the temperature 
variation in response to the wind speed, a model for heat transfer analysis is constructed, as 
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schematically shown in Fig. 1(c). In this model, due to the much larger horizontal dimension 
than its thickness, the silicon film is regarded as a flat hot plate with heat losses on the top 
surface over which the wind blows. The silica fiber is considered as an adiabatic base in the 
transient heat analysis because thermal conductivity of silicon ( ~ 159 W / m / K  at 25 °C) is 
more than two orders of magnitude larger than that of silica ~ 1.3 W( / m / K)  at 25 °C. The 
heat transfer from the sensor to the environment can be divided into two processes. The first 
process is the heat transfer from the silicon film to the wind and the second one is heat 
dissipation within the silicon film. The speed of thermal energy exchange during the first 
process is quantified by the heat transfer coefficient (HTC), h; while the speed of the thermal 
conduction within the silicon film (the second process) is quantified by the thermal 
conductivity of silicon, sK . To compare the speed of these two processes, the well-known 
dimensionless Biot number is calculated as [13] 

 ,c
i

s

h L
B

K

⋅
=  (4) 

where cL  is the characteristic length of the silicon film. To calculate h, the average Nusselt 
number uN  for forced convection (laminar flow) over a flat plate is calculated first according 
to [13], 

 ( )1/3 1/2 50.664Pr Re 0.6 Pr 10, Re 5 10 ,u L LN = < < < ×      (5) 

where rP /v α=  is the Prandtl number and Re /L cuL v=  is the Reynolds number. The 
parameters of v, α , and u are, respectively, the kinematic viscosity, the thermal diffusivity 
and the speed of wind (air). Note that Eq. (5) for calculating the averaged Nusselt number of 
the air blowing over the flat silicon film is valid only for the wind speed that is not too low. 
Otherwise, the Nusselt number derived for natural convection should be applied instead. Once 

uN  is obtained, /u w ch N K L=  can be calculated, where wK  is the thermal conductivity of 
wind (air). Using the following parameters [13], 5 21.6 10  m / sv −= × , 5 22.295 10  m / sα −= × , 
u 5 22.295 10  m / sα −= × , 100 µmcL = , 0.0257 W / (m K)wK = ⋅ , it is calculated that 

44.78 10iB −= × . Since 1iB  , the speed of heat conduction within the silicon film is much 
faster than the heat exchange between wind and silicon. In this situation, the lumped system 
analysis (LSA) can be used for heat transfer analysis with an negligible error (less than about 
5 percent for 0.1iB < ) [13]. The LSA suggests that the temperature distribution within the 
silicon thin film at any instant is sufficiently uniform that the temperature of the silicon thin 
film can be considered to be a function of time only. With a heating source within the sensor, 
the model for LSA is expressed as [13], 

 ( ) ( ),s w s s shA T T t dt Pdt C V dT tρ− + =    (6) 

where sA  is the surface area for heat exchange, wT  is the wind temperature, P is the heating 
power within the silicon wafer, sρ , sC , and sV  are, respectively, the density, the thermal 
capacity, and the volume of the silicon film. Solution to Eq. (6) is given by 

 0( ) exp ,s
w w

s s s s s

hAP P
T t T T T t

hA hA C Vρ
   

= + + − − −   
   

 (7) 
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where 0T  is the initial temperature of the sensor. Obviously, the right hand side (RHS) of Eq. 
(7) can be separated into two parts, the first part / ( )w sT T P hA∞ = +  represents the steady-
state temperature (SST) and the rest represents the transient part which determines the speed 
of the sensor response. It can be seen that the SST consists of two terms: the first one is the 
wind temperature ( wT ) and the second one is the temperature increment ( / ( )sP hA ) due to the 
combined effects of heating laser power and wind speed. It is seen that the temperature 
change caused by wind speed is separated from the wind temperature. To obtain the 
temperature increment in experiment, the SSTs with heating power off ( 0P = ) and on 
( 0P > ) are measured consecutively and the difference between these two SSTs is a function 
of the wind speed only. The coefficient, / ( )s s s shA C Vρ , in the exponent of the transient term 
in RHS of Eq. (7) characterizes the response time of the anemometer. 

Conversion of the temperature into fringe valley wavelength is accomplished by 
substituting Eq. (7) into Eq. (3), which gives rise to 

 
0

0 0

( ) ( )

exp ,s
w w

s s s s s

t KT t

hAP P
KT K K T T t

hA hA C V

λ λ

λ
ρ

= +

   
= + + + − − −   

   

 (8) 

Substituting the expression for h ( / )u w ch N K L=  and using Eq. (5), the wavelength shift 
caused by wind speed u at the steady state can be derived as 

 
1/ 2 1/6 1/3

1/ 2

1.5
.c

s w s

KL vP P
K

hA K A u

αλΔ = =  (9) 

Equation (9) suggests that the wavelength shift is linearly proportional to the heating laser 
power P, but inversely proportional to the square root of the wind speed u. The transient term 
of Eq. (8) gives the response time, τ , as 

 
1/ 2 1/6 1/3

1/2

1.5 1s s s c s s s

s w s

C V L v C V

hA K A u

ρ α ρτ = =  (10) 

It is seen that the response time can be reduced by using a small sensing element, e.g., a 
thinner (smaller cL ) silicon film with a large surface-to-volume ratio ( /s sA V ). In addition, 
the response time is also dependent on the wind speed and the sensor responds faster to larger 
wind speed. These are expected as both smaller sensing element and higher wind speed 
facilitate the heat exchange between sensing element and surrounding, leading to the faster 
response. 

3. Experimental demonstration 

The sensor fabrication followed similar procedures as reported in detail in our previous work 
[12]. Here, the double-side-polished silicon film has the shape of thin cylinder with a 
thickness of 10 µm and diameter of around 100 µm. A microscope picture of the sensor head 
is shown in the inset to Fig. 2(a). As the anemometer relies on the measurement of the 
wavelength shift in response to temperature change brought by the wind, we first investigated 
the temperature sensitivity of the sensor. Figure 2(a) shows the reflection spectra of the 
silicon FPI at different temperatures. Clearly, the spectral fringes shift toward longer 
wavelength as temperature increases. The fringe valley wavelength as a function of 
temperature and its linear fit are shown in Fig. 2(b), indicating a temperature sensitivity of 
~84.5 pm/°C. 
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Fig. 2. (a) Reflection spectra at different temperatures. Inset shows the fiber probe. (b) Relative 
dip wavelength with respect to temperature. 

The wind speed measurement by the anemometer is demonstrated using a setup 
schematically shown in Fig. 3(a). A broadband source with an output power of 12 mW (Ibsen 
Photonics, DL-BP1 1501A) provided signal light for the FPI via a circulator, and the reflected 
signal night was acquired by a high-speed spectrometer (Ibsen Photonics, I-MON 256 USB) 
which was connected to a computer for control and data collection. A 635 nm laser diode 
(LPS-635-FC, Thorlabs) was used as the heating light source that heated the silicon FPI via a 
fiber-optic coupler. The sensor tip was taped on one side of the sensing probe of a 
commercial anemometer (OMEGA, FMA1002R-V1) which served as a reference and 
calibration of our fiber-optic sensor. The wind speed was controlled by home-made wind 
tunnel in which the sensor probe was placed. 

 

Fig. 3. Schematic of the experimental setup for sensor demonstration and testing. 

It is worth pointing out that, while the low absorption loss of silicon in the IR wavelength 
(1550 nm window here) generates interferometric fringes with good visibility from the silicon 
FPI, practically no interference can occur at the visible wavelength of 635 nm for the sensor 
proposed here because of the extremely high absorption of silicon at this wavelength [14]. For 
example, the absorption depth (defined as the depth where light intensity has fallen to 1/e of 
its original value) at 635 nm is only 3.1 µm [14]. After a round trip of the 10-µm long FPI, 
only 0.0076% of the heating laser power remains (assuming the reflectances at silicon-air and 
silicon-silica interfaces are, respectively, 29.8% and 16.2%). As a result, it is reasonable to 
assume that the heating laser power absorbed by the FPI is insensitive to the variations in the 
optical length of the FPI. 
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We first characterized the fringe valley wavelength (λ) as function of heating laser power 
(i.e., P in Eq. (9), in unit of laser current) in different wind speeds (u). Note that, although the 
pigtail fiber of the heating laser is single mode at the laser wavelength, the pigtail fiber (SMF-
28) of the coupler becomes multimode at the wavelength. As a result, the coupling ratio at the 
heating laser wavelength is sensitive to fiber bending and temperature variations and it is 
difficult to accurately obtain the heating laser power delivered to the FPI. Therefore, the laser 
current is used to represent the power of the heating laser. According to the laser 
specification, the power coupled to the pigtail SMF of the heating laser is ~2.5 mW when the 
laser current is 70 mA with a slope efficiency of ~0.18 mW/mA. The results and their linear 
fits are shown in Fig. 4. The adjusted R2 values of the linear fits for wind speeds of 2.7, 3.5, 
and 4 m/s are, respectively, 0.976, 0.979, and 0.970, indicating a good linearity of wavelength 
in response to the heating laser power that agrees with Eq. (9). The linear fits for wind speeds 
of 2.7, 3.5, and 4.0 m/s have, respectively, slopes of 0.138, 0.149, and 0.164. According to 
Eq. (9), the slope of the λ vs. P curve is proportional to u−1/2, which is verified by the 
observation that 1/20.138 / 2.7 0.084= , 1/20.149 / 3.5 0.080= , and 1/20.164 / 4.0 0.082=  are 
very close to each other. The small discrimination among these values is believed to arise 
from the weak temperature dependence of the material parameters in Eq. (9). 

 

Fig. 4. Fringe valley wavelength with respect to heating laser power at different wind speeds. 

 

Fig. 5. (a) Relative wavelength at different heating powers when the sensor is placed in wind 
with temperature of 19.7 °C or 23.7 °C and speed of 2.7 m/s or 4 m/s. Inset exhibits the 
original curves to show the wavelength difference due to the different wind temperatures, the 
legend also applies to the inset. (b) Wavelength difference measured for a certain wind speed 
due to different wind temperatures (19.7 °C and 23.7 °C) with respect to heating laser power. 
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To examine the capability of temperature self-compensation (TSC), the anemometer was 
tested in winds with two different temperatures (23.7 °C and 19.7 °C) at a wind speed of 2.7 
m/s and 4 m/s. First, the wind tunnel and the sensor system were placed in a room with a 
temperature of 23.7 °C. For each of the wind speeds, the reflection spectra were acquired at a 
frame rate of 200 Hz when the heating laser was turned off for ~30 s and then turned on for 
~30 s with a current of 50 mA; this process was also repeated for heating laser currents of 60 
mA and 70 mA. Then the room temperature was changed to 19.7 °C and the same testing 
process performed at 23.7 °C was repeated. 

The experimental results are shown in Fig. 5. The difference of ~0.332 nm in the initial 
wavelengths when heating power was turned off, shown in the inset to Fig. 5(a), was due to 
the 4 °C difference in wind temperature (the slight difference in wavelength for different wind 
speeds at the supposedly same room temperature is attributed to the fluctuations of the room 
temperature). Clearly, the wind temperature itself introduces large shifts in wavelength, which 
has to be compensated for accurate wind speed measurement. As stated in the theoretical 
analysis, the difference between wavelengths when the heating power is on and off is due to 
the wind speed only. For the convenience of comparison, the wavelength shift relative to the 
initial wavelength when the laser was off is shown in Fig. 5(a). It is seen that the wavelength 
shifted when the heating laser was turned on and returned to the base line when the heating 
was turned off. The amount of relative wavelength shift due to the heating laser is dependent 
on both the wind speed and the heating laser power. The large fluctuation in wavelength when 
the heating laser was on, especially at higher power levels, is believed to arise from the 
locally instable wind speed rather than the noise of the sensor, as stable signal was observed 
before heating light was turned on. For reliable comparison, the mean value over a period of 
time is calculated and used as the wavelength under a certain condition. 

Relative wavelength shifts when the heating laser was turned from off to on for the same 
wind speed but different wind temperatures are shown in Fig. 5(b) (red and green curves). To 
show the effectiveness of the temperature compensation using relative wavelength shift, the 
difference in the absolute wavelength of the fringe valley when the power was on for the 
same conditions, which corresponds to the case without temperature compensation, is also 
shown in Fig. 5(b) (black and blue curves). Cleary, the relative wavelength shift gives a signal 
that is much less sensitive to temperature. Taking the results for the heating laser power of 50 
mA as an example, without temperature compensation, a difference of 0.362 nm was obtained 
for the same wind speed of 2.7 m/s under these two different wind temperatures. However, 
the difference in the relative wavelength shifts under the two different wind temperatures was 
dramatically reduced to 0.078 nm. Note that the results still deviate from the theoretical 
predictions that the relative wavelength shift is independent of wind temperature; in other 
words, the difference in the relative wavelength shift should be 0 at the two temperatures. The 
deviation is more significant especially when the heating power is higher (70 mA vs. 60 and 
50 mA) as shown in Fig. 4(c). We believe that the deviations are mainly from the changes in 
coupling ratio of the fiber-optic coupler used to direct the 635 nm heating laser to the sensor 
head at different temperatures. As the fiber-optic coupler, made from SMF-28, is designed for 
operation in 1550 nm wavelength window and the fiber becomes multimode at the 
wavelength of 635 nm, the coupling ratio is sensitive to temperature variations. As a 
verification for this, according to Eq. (9), the ratio of the relative wavelength shifts in 
response to different wind speeds of u1 and u1 (i.e. 1 2λ / λΔ Δ ) at the same wind temperature is 
equal to 1/2 1/2

1 2/u u− − , independent of the heating laser power. The ratios calculated according 
to the experimental results are listed in Table 1. It can be seen that the ratios are close to each 
other, which is an indication that the heating laser power variations are responsible for the 
deviations. 
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Table 1. Ratio of the wavelength shift to wind speed of 4 m/s to that of 2.7 m/s at different 
wind temperatures and heating laser currents. 

Wind Temperature Ratio 1 2( λ / )λΔ Δ  

50 mA 60 mA 70 mA 
19.7 °C 0.898 0.886 0.853 
23.7 °C 0.891 0.887 0.850 

 
Finally, we characterized the sensitivity and response time of the sensor to wind speed. 

The measured wavelength as a function of wind speed is shown in Fig. 6(a). It is clearly seen 
that the sensitivity is enhanced by increasing the heating power, consistent with Eq. (9). To 
examine the speed of the proposed anemometer, the sensor response upon turning on the wind 
tunnel is compared with that of the commercial anemometer in Fig. 6(b). The response time, 
defined as the time needed for 63% of the total signal change, is measured to be 0.14 s for the 
fiber-optic anemometer (see the inset to Fig. 6(b)), compared to 2.3 s for the commercial 
anemometer used in our experiment. Note that the response time measured here is limited to 
the speed of changes in the wind speed that can be obtained in the experiment. Fast response 
of the investigated fiber-optic anemometer is critical for the visualization of swift variation in 
local wind speed. 

 

Fig. 6. (a) Relative dip wavelength versus wind speed at different heating laser currents. (b) 
Comparison of the responses between the fiber-optic sensor and the commercial FMA1002R-
V1 anemometer when the wind is suddenly turned on. Inset to (b) is the enlarged view of the 
sensor response upon turning on the wind. 

4. Conclusion 

In summary, a novel fast-response fiber-optic anemometer based on a silicon FPI has been 
demonstrated and investigated. The silicon film is heated by a red diode laser while the signal 
light in the IR wavelength range is used to measure the temperature changes of the FPI with 
high speed. Due to cooling effects brought by wind, fringe valley wavelength of the reflection 
spectrum of the FPI experiences a blue shift. By measuring the wavelength difference when 
the heating laser is turned on and off, the wind speed is extracted with little sensitivity to 
temperature, which has been verified both theoretically and experimentally. Due to the large 
thermal diffusivity of silicon and the small sensor size, the proposed anemometer features a 
very fast response to the wind speed. 
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