Sensors & Transducers, Vol. 172, Issue 6, June 2014, pp. 7-12

Sensors & Transducers
© 2014 by IFSA Publishing, S. L.
http://www.sensorsportal.com

Nonlinearity Mechanism and Correction of Sapphire
Fiber Temperature Sensor on Blackbody Cavity
Tiejun Cao
School of Electrical & Information Engineering, Hunan International Economics University,
Changsha, 410205, China
Tel.: 86-0731-88760386
E-mail: matlab_wjf@126.com

Received: 23 March 2014 /Accepted: 30 May 2014 /Published: 30 June 2014
Abstract: Based on the principle of blackbody radiation, sapphire optic fiber temperature sensor has been more
widely used in recent years, and its temperature range is between 800 ~ 2000 oC, and the response time is
in 10-2 magnitude, and transient temperature measurement can be high precision in harsh environments.
Nonlinear constraints on sapphire fiber temperature sensor affect the accuracy and stability of the sensor.
In order to solve the nonlinear problems which exist in the measurement, at first, the sapphire fiber optic
temperature sensor temperature measurement principle and nonlinear generation mechanism are studied;
secondly piecewise linear interpolation and spline interpolation linearization algorithm is designed
with combining the nonlinear characteristics of sapphire optical fiber temperature sensor, and the program is
designed on its linear and associated signal processing. Experimental results show that a good linearization
of sapphire fiber optic temperature sensor can been achieved in this method. Copyright © 2014 IFSA
Publishing, S. L.
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1. Introduction
In recent years, sapphire optic fiber temperature
sensors are used to measure the temperature of the
furnace in metallurgy, refining ore, partly to replace
the traditional method of measuring temperature
on platinum and rhodium thermocouple [1, 2].
Sapphire optic fiber temperature sensors can be noncontact measurement, and is not affected by
electromagnetic interference with small size, light
weight, and high sensitivity. However, because the
impact of blackbody radiation emission rate and
other factors, the nonlinear optical fiber temperature
sensor error is relatively large. Therefore, nonlinear
calibration is made for optic fiber temperature sensor.
Operating principle of sapphire fiber optical fiber
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temperature sensor is that sapphire fiber pyrometer is
based on the blackbody radiation theory, the probe
tip is high temperature sapphire fiber which is
produced in a closed blackbody cavity. When the
blackbody chamber is placed in the test furnace, the
blackbody radiation signal will be issued
with a certain function of temperature, so the signal
can be sent to photodetector through the fiber, and
the output signals are measured, and the tested
temperature can be calculated. Microprocessor can be
89C51, after calibration temperature, the piecewise
linear approximation is commonly used by software
between intermediate interpolation points, nonlinear
compensation is generally applied in a logarithmic
amplifier, and a temperature sensor head is used as
sapphire single crystal optical fiber in sapphire fiber
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optic temperature sensor. The sapphire single crystal
(Al2O3) physical and chemical properties are stability,
good mechanical strength, the nature of the insulation,
corrosion resistance, and its translucent is good
in 0.3 ~ 4.0 μm band, the melting point is up
to 2046 oC, and it is an excellent high-temperature
near-infrared optical materials [3-5]. So sapphire
crystal fiber and fiber optic temperature sensor has
been a focus for researchers. These are the main
focus on the study of the high temperature sensing
performance, transient, and are rarely involved
in linearized problem. Linearized sapphire optic fiber
temperature sensor has a higher sensitivity, accuracy
and reliability.

2. Sapphire Optic Fiber Temperature
Sensor Measurement Principle and
Nonlinear Mechanism
A sapphire optic fiber temperature measurement
system is shown in Fig. 1. The microprocessor can be
89C51, and nonlinear compensation is to use
a logarithmic amplifier circuit. Software piecewise
linear fitting is commonly used between intermediate
interpolations of calibration temperature points.
In sapphire optic fiber pyrometer, signals are sent
to the photodetector through the fiber to measure the
output signals, that is can be calculated measured
temperature [7-9].

ϕ (λ , T ) =

ac1
,
λ [exp(c 2 / λT ) − 1]
5

(1)

where a is the blackbody cavity opening into the
fiber area (a=πD2/4=5.03×10-7m2), λ is the
wavelength of the radiation, T is the absolute
temperature, c1=3.74183×10-16(W·m2) is the first
radiation constant, c2=1.43879×10-2(m·K) is the
second radiation constant. The relationship can be
represented visually as in Fig. 1 between
monochromatic radiation flux φ (λ, T), a wavelength
λ, and the temperature T. Obviously, when the
wavelength λ is determined, the monochromatic
radiation flux φ (λ, T) is monotonically increments
with the temperature T.
Let measurement system interference filter
spectral response function f (λ) [13, 14], the spectral
response function of a photodetector (PIN tube) is
D (λ), a monochrome sensor head set emissivity is
ε (λ) in taking into account the more general case, the
center wavelength of the interference filter is λ0,
bandwidth Δλ, After radiation optical signal passing
the photodetector through the optical fiber, output
voltage is:

V (λ0 , T ) = K 

λ0 + Δλ / 2

V (λ0 , T ) = K 

λ0 + Δλ / 2

λ0 − Δλ / 2

λ0 − Δλ / 2

ϕ (λ , T )dλ = KR (T ) ,

(2)

ϕ (λ , T )dλ = KR (T ) , (3)

where η (λ) reflects fiber (including sapphire, crystal
fiber, tapered fiber and optical fiber transmission)
transmission loss in the optical signal transmission,
radiation loss which is caused by insertion loss
in optical fiber connector and other optical elements.
When the interference filter bandwidth is narrow, it
may be assumed:
η (λ) = η (λ0), f (λ) = f (λ0), D (λ) = D (λ0),
Fig. 1. Sapphire optic fiber temperature
measurement system.

Sapphire single optical fiber probe is 1.27 mm
in inner diameter of blackbody cavity, the radiated
optical signal is transmitted by the total reflection
of the inner rod. Sapphire is alumina (Al2O3) single
crystal, and its melting point is 2050 oC, and it is
a photoconductive material with high mechanical
strength, optical transparency, good thermal stability,
chemical stability, and it is suitable in high
temperature environments [10, 11].
Sapphire optic fiber temperature sensor
measurement system is based on the detection
of sensor radiation signal, and measured temperature
is obtained. According to Planck blackbody radiation
law, fiber blackbody cavity temperatures are placed
in the T region, and its monochromatic radiation flux
[12] is:
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(4)

And substituting into (2) yields, the photodetector
output voltage:

V (λ0 , T ) = K 

λ0 + Δλ / 2

λ0 − Δλ / 2

ϕ (λ , T )dλ = KR (T ) , (5)

wherein the center wavelength of the interference
filter takes λ0 = 830 nm, the bandwidth Δλ = 10 nm,
temperature systems is a relationship between
temperature and voltage in sapphire fiber blackbody
cavity pyrometer, it must know what the value of the
coefficient K. K is the coefficient depending on the
test device an is a device constant independent
of temperature, just to be calibrated at one
temperature (K = 11). Shown in Fig. 2, it is clearly
than the function U (T) and nonlinear relationship
with the independent variables T, and the measuring
system nonlinearity is a key part, which is the central
issue to be addressed in this article [15].
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5) Effects of background noise and high
frequency interference.
In the environments of the larger electromagnetic
interference, the impact of the background noise and
high frequency interference are considered
in measurements, such as measuring the induction
furnace temperature. Although the fiber itself is not
affected by electromagnetic interference, but the
behind measuring circuit may be disturbed.
Therefore the appropriate parameter low-pass filter
should been selected to remove interference and
improve the stability of the instrument before
the measurement.

Fig. 2. Relationship between voltage and temperature.

3. Nonlinear Error Sources and
Nonlinear Principle
3.1. Nonlinear Error Sources
1) Impact of pre-blackbody cavity emissivity.
Blackbody cavity emissivity ε (λ ) is determined
by parameters such as cavity shape and material.
There are two kinds of methods: non-contact
measurement, the probe is placed directly in the
molten steel. By experimental calibration, ε (λ ) is
little effect on the nonlinear error. However, the
non-contact measurement, since the molten metal is
not an ideal black body, the ε (λ ) uncertainty is the
main source of nonlinearity errors. Not only
to consider the emissivity of the blackbody cavity,
but also consider the emissivity of steel and other
factors, ε (λ ) is no longer constant at this time, and
it changes with temperature.
2) Effect of nonlinear relationship between the
brightness of the black body radiation and the
absolute temperature.
It can be seen from the blackbody radiation
formula that the radiation intensity is the exponential
relationship with the blackbody temperature, so the
logarithmic
amplifier
can
be
considered
to compensate for the measurement.
3) Zero drift affect on photodetector.
In general, silicon photocell or silicon
photodiodes are used in photovoltaic, but their
common problem is the presence of a temperature
drift and zero drift. Therefore the appropriate
compensation circuit is needed.
4) Effect of ambient temperature.
Since the furnace temperature is generally not
stable, and the measuring sensor system is
affected by changes in ambient temperature,
a temperature drift is made and therefore because
of
the
photodetector
and
amplification,
a compensation circuit is generally placed in the
constant temperature means.

3.2. Nonlinear Principle
Fig. 3 shows a schematic diagram of the
nonlinear calibration sensor.

Linearization

Sensor

Fig. 3. Correction schematics.

In figure, an input of sensor is variable x, the
sensor output variable y, and y = f (x). Sensor output
y is the linear input unit, a linear output unit c,
and c = g (y). Input-output relationship is nonlinear
functional relationship.

y = f (x)

(6)

c = g (y)

(7)

x = f -1 (y)

(8)

From (7) we can

After the series linearization, a hope that the
input and output of the entire system should be
a linear relationship
(9)

c = sx = s f -1 (y)
4. Linearization Techniques
4.1. Piecewise Linear Interpolation
Given

a

division

of

interval

[a,

π : a = x0 < x1 < ... < xn − 1 < xn = b, x ∈[xi − 1, xi]
f ( x ) ≈ Pi ( x ) =

b],

x − xi − 1
x − xi
yi +
yi − 1, (10)
xi − xi − 1
xi − 1 − xi

is
where
Pi (x)
interpolation function.

f (x)

piecewise

linear
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Linearization step are:
1) From (5) V (λ 0 , T ) = K

λ 0 + Δλ / 2

λ

0 − Δλ

/2

ϕ ( λ , T ) dλ ,

calculating the value T in T = 1000 ~ 2200 K;
2) Interpolation function is derived from (10),
piecewise linear interpolation image is obtained as
shown in Fig. 4.

From (12), (13) two type plus S( x 0) = y ( x 0)
boundary conditions can be uniquely identified S (x).
Take steps to complete a linear interpolation.
Linearization step are:
1) From (5)

V (λ0，T ) = K 

λ0 + Δλ 2

λ0 − Δλ 2

ϕ (λ，T )dλ

Calculating T = 1000 ~ 2200 K corresponding
to the value V;
2) Taking T0 = 1000 K, Tn = 2200 K, calculating
V (T0), V (Tn);
3) Derivative formula is demanded to derive the
value of T (V0), T (Vn) by the implicit function;
4) The interpolation function could be obtained
by the condition.
The resulting coefficient of spline interpolation
function is 1200 × 4 matrix, here are the first four
lines, such as (14) below.
(ai, bi, ci, di) = 1.0×1023

Fig. 4. Piecewise linear interpolation correction
function graph.

Piecewise linear interpolation function is easy
to implement, but not smooth enough (after
amplification), following, the cubic spline
interpolation is used to complete linearization in high
precision and smooth.

−2.80781245177285,0.000000000000,0.0000000,0.0000 
0.83902766727553, −0.00000002032616,0.00000,0.00000 


× −0.11713871281705, −0.00000001413661,0.00000,0.0000 


0.12594201812770, −0.00000001501725,0.000000,0.00000
...


(14)
The image of resulting function is shown
in Fig. 5.

4.2. Cubic Spline Interpolation
Cubic spline interpolation: given interval [a, b] is
a division of π : a = x0 < x1 < ... < xn − 1 < xn = b
If S (x) satisfies the condition
1) yi = S (xi)
2) Cubic polynomial on in each sub-interval
[xi-1, xi];
3) S (x) and its derivative until the (n-1)th
derivative are continuous in the interval [a, b], S (x)
is a cubic spline interpolation function.
S (x) expression on each sub-interval [xi-1, xi]

S ( x) = S ( xi) = ai ( x − xi )3 + bi ( x − xi )2 + ci( x-xi) + di.

x ∈ ( xi − 1, xi ) (i = 1, 2, … n),

(11)

where a i , b i , c i , d i is the pending constant.
Interpolation conditions:
S (xi) = f (xi), (i = 1, 2, … n)
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5. Error Analysis
and Experimental Verification

(12)

The continuous and smooth conditions of the (n-1)
node is:

S（xi − 0) = S ( xi + 0) 

S ( xi − 0) = S ( xi + 0)  (i = 1, 2, … n-1)
S ( xi − 0) = S ( xi + 0) 

Fig. 5. Cubic spline correction function graph.

(13)

5.1. Error Analysis
Correction function of piecewise linear
interpolation error.
Let f (x) in [a, b], there is second continuous
derivative f "(x), then the error estimates
for piecewise linear interpolation correction
function is:
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R（x) = f ( x ) − P1( x) ≤ M h / 8, x ∈ [ a, b] ,

(15)

where max f ( x) , h = max xi − xi − 1.
1≤ i ≤ n

From (15), calculating

R ( x) ≤ 6.833 × 10-8

(16)

Cubic
spline
interpolation
error
correction function.
In [a, b], there is four order consecutive
derivative

f

( 4)

( x), the error estimates for the cubic

spline interpolation correction function is:

f

(m)

−S

(m)

≤ ck h

k −m

f

( 4)

.(m = 0,1,2) ,

(17)

where

max xi − xi − 1 , c 0 = 116 , c1 = c 2 = 1 2.
1≤i ≤ n
From (17), we obtain

f ( x) − S ( x) ≤

1 4
h f ( x) ,
16

(18)

From (18), we obtain

f ( x) − S ( x) ≤ 4.519 × 10-5

(19)

From (16), (19), error is very small in linear
method, there is a very good accuracy.

5.2. The Experimental Results
Input - output curve fitting is shown in Fig. 6
at a given constant temperature 1200 K, 1238 K,
1369 K, 1479 K, 1568 K, 1896 K and 2013 K
for linearization device.

Fig. 6. Calibration curve fitting results.

6. Conclusions and Outlook
According to experimental results: nonlinearity
correction signal is achieved in the sapphire optic
fiber temperature sensor by the linear algorithm
of piecewise linear interpolation and cubic spline
interpolation. The error of linearization device is far
less than 1 oC. This method is a practical, feasible
soft linear method. Linearized temperature is range
of 800 ~ 2000 oC in the sapphire fiber measuring
temperature system, and the response time is 20 ms
with a resolution of 1 oC. These can effectively
improve the measurement accuracy of the system,
and improve the stability of the sensor.
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