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For temperature measurements of targets at low temperatures, dual-band radiation thermometry using mid-
infrared detectors has been investigated extensively. However, the accuracy is greatly affected by the reflected
ambient radiation and stray radiation, which depend on the ambient temperature. To ensure measurement
accuracy, an improved dual-band measurement model is established by considering the reflected ambient radi-
ation and the stray radiation. The effect of ambient temperature fluctuation on temperature measurement is then
further analyzed in detail. Experimental results of measuring a gray-body confirm that the proposed method
yields high accuracy at varying ambient temperatures. This method provides a practical approach to remove
the effect of ambient temperature fluctuations on temperature measurements. © 2016 Optical Society of America
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(110.6820) Thermal imaging.
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1. INTRODUCTION

Temperature is one of the most important characteristics of
scientific, industrial, and military targets. Temperature mea-
surement thus acts as a key role in target detection, monitoring,
and diagnosis processes [1–3]. Numerous methods for temper-
ature measurement have been developed in the past years, such
as thermocouples and radiation thermometers [4].

Radiation-based thermometry is intensively exploited due to
its noncontact nature and harmlessness to a target [5]. In dual-
band radiation thermometry, as one of the most important
approaches in radiation thermometry, the target signal is col-
lected by a dual-band thermometer in two different spectral
bands simultaneously. The absolute temperature is determined
using the ratio form when regarding the target as a gray-body
with an unknown emissivity [6]. However, the total radiation
collected in each band contains not only the radiation emitted
from the target but also the ambient radiation reflected by the
target and the stray radiation inside the measurement system
[7]. The reflected ambient radiation and stray radiation, which
are related to the ambient temperature, would greatly affect the
measurement accuracy of the dual-band mid-infrared radiation
thermometry (DMRT), especially for low-temperature mea-
surements [8]. Various methods have been proposed to elimi-
nate these drawbacks. Most researchers remove the influence
of reflected ambient radiation by subtracting it from the total
collected radiation in a mathematical method [9,10]; others

control the reflected radiation using special structures [11,12].
For instance, Araújo et al. placed a low-temperature pyrometer
inside an enclosure with controlled inner surface temperature.
As for the stray radiation, it is regarded as the radiation from the
internal components, such as the optical system and other
mechanical structures; however, the specific way to deal with
it has not been detailed in the literature.

In addition, for a dual-band radiation thermometer based on
a mid-wave infrared (MWIR) detector, the radiometric calibra-
tion must be performed prior to the temperature measurement
[13]. Moreover, the ambient temperature during the measure-
ment process, in practice, is always different from that of
calibration [7]. For example, radiometric calibration may be
performed in the laboratory rather than in the field, and the
temperature measurement process may last for a long time,
and both of these may result in a change of the reflected am-
bient radiation and stray radiation, thus restricting the accuracy
[8]. Because the aforementioned radiations vary with the
ambient temperature, frequent calibration must be conducted
before the temperature measurement to retain measurement
accuracy. However, the calibration process is complicated
and time consuming. As a consequence, a comprehensive
analysis simultaneously taking both the reflected ambient radi-
ation and the stray radiation into account is required to study
the effect of ambient temperature on DMRT.
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In this paper, we propose an improved dual-band thermom-
etry by considering both the contribution of reflected radiation
and stray radiation, and we also analyze the effect of ambient
temperature on temperature measurement. Experimental re-
sults of a gray-body ranging from 50°C to 120°C illustrate that
our method yields high measurement accuracy even under
fluctuating ambient temperatures. This method provides an
approach to estimate the absolute target temperature without
repeated calibration when the ambient temperature fluctuates.

2. DMRT BASED ON A COOLED MWIR
DETECTOR

As an extension of single-band radiation thermometry, dual-band
radiation thermometry can eliminate the effect of unknown
emissivity on temperature measurements. It measures the radi-
ation in two different spectral bands, and the absolute temper-
ature of a target can be determined by their ratios (assuming the
emissivity is constant at the two close wavebands) [14].
Radiometric calibrations in each band must be individually per-
formed prior to the calibration of the dual-band thermometer
[13]. In this section, we first introduce improved dual-band ther-
mometry by considering reflected ambient radiation and stray
radiation, and the effect of ambient temperature fluctuation
on dual-band thermometry is further discussed. Finally, a ratio
formula applied to fluctuating ambient temperature is proposed.

A. DMRT Considering Reflected Ambient Radiation
and Stray Radiation
1. Radiometric Calibration
To achieve the response and offset of a dual-band radiation
thermometer, the radiometric calibration of each band should
be conducted first. In the linear response range of a cooled
MWIR detector, the relation between the output gray value
[digital number (DN)] of the detector and the blackbody
radiance can be expressed as [15,16]

h � G · LB�T b� � B; (1)

where h denotes the output gray values of the detector, G de-
notes the response to the incident blackbody radiance, and B
denotes the offset of radiometric calibration including the output
caused by the stray radiation in each band and the internal factors
of the detector. Both G and B can be obtained by fitting the
blackbody radiance at different temperatures to the correspond-
ing outputs. LB�T b� is the incident radiance of the reference
source at temperature T b, and it can be calculated by [17,18]

LB�T b� �
1

π
·
Z
ΔλN

τopt�λ� · τfil�λ� · Rdet�λ� · Lb�λ; T b�dλ:

(2)

Here, τfil�λ� is the spectral transmittance of the optical filter,
and ΔλN is the spectral range. τopt�λ� is the spectral transmit-
tance of the optical lens, Rdet�λ� is the spectral response of the
detector, and Lb�λ; T b� is the spectral radiance of an ideal
blackbody at temperature T b.

2. Ratio Formula of Dual-Band Thermometry
When viewing a gray-body closely, the influence of atmosphere
can be neglected [19]. The total radiation received by the de-
tector consists of the radiation emitted from the target, the

reflected ambient radiation, and the stray radiation originating
from the optical system and the optical filter, as shown in Fig. 1.
The output of the detector is given by [20,21]

h � GεLB�T t� � G�1 − ε�LB�T atm� � B; (3)

where ε is the emissivity of the gray-body, the first two parts of
the right side are the contributions of the emitted radiation and
the reflected ambient radiation, respectively, and the stray
radiation is included in B. LB�T t� and LB�T atm� is the radiance
of a blackbody at temperature T b and T amb, respectively.
The measurement formulas of the two bands can then be ex-
pressed as

h1 � G1ε1LB1�T t� � G1�1 − ε1�LB1�T atm� � B1; (4)

h2 � G2ε2LB2�T t� � G2�1 − ε2�LB2�T atm� � B2: (5)

Here, the parameters in Eqs. (4) and (5) have the same im-
plications as mentioned before, where subscripts 1 and 2 are the
sequence numbers of the optical filters. Emissivity in different
spectral bands can be derived from Eqs. (4) and (5). Under the
assumption of equal target emissivity in different bands, the
ratio formula for temperature measurement can be expressed as

G2LB2�T t� − G2LB2�T atm�
G1LB1�T t� − G1LB1�T atm�

� h2 − B2 − G2LB2�T atm�
h1 − B1 − G1LB1�T atm�

: (6)

Here, the left side of Eq. (6), defined as the calibration ra-
diance ratio of a reference blackbody, is used for calibration. It
can be calculated directly using the results of radiometric cal-
ibrations. The right side can be used to calculate the measure-
ment radiance ratio of the examined target. The temperature of
the target can then be determined by comparing the measure-
ment radiance ratio with the calibration radiance ratio.

B. Ambient Temperature-Independent DMRT
When ambient temperature fluctuates, the offset of radiometric
calibration, i.e., parameter B in Eq. (1), will drift, which leads
to the radiometric calibration error in each band; furthermore,
it results in temperature measurement error. In order to remove
this effect, the relation between the calibration offset and the
ambient temperature is analyzed.

Fig. 1. Measurement model of a dual-band thermometer. The
optical system consists of the optical lens, the housing cone, and other
mechanical structures.
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1. Radiometric Calibration Considering Ambient
Temperature
As shown in Eq. (1), the response and offset are the major
parameters in the calibration process. For a cooled MWIR
detector working at a stabilized temperature, the response of
the detector does not vary with the ambient temperature.
Therefore, the effect of ambient temperature mainly manifests
itself in the offset, i.e., B varies with the ambient temperature.

As analyzed in Section 2.A, the offset originates from the
stray radiation and the internal factors of the detector. Only
the stray radiation depends on the ambient temperature.
The offset can thus be expressed as [22]

B�T amb� � G 0 · �Φsys�T amb� �Φfil�T amb�� � hdetector; (7)

whereG 0 denotes the response to the radiation flux, and hdetector
denotes the output caused by internal factors, e.g., the dark
current and the cold stop, which would not vary with the am-
bient temperature for a cooled detector and can be obtained by
calibration. The two parts within the square brackets are the
two components of stray radiation of the thermometer at am-
bient temperature T amb, which is a major, non-negligible factor
affecting temperature measurements for radiation thermometry
[23]. It mainly contains the radiation emitted and reflected
from components of the thermometer, e.g., the optical lens,
the optical filter, the housing cone, other mechanical structures,
and the narcissus signature of the detector [7]. The narcissus
signature which is independent of the ambient temperature
can be subsumed into hdetector for simplification.

The ϕsys�T amb� is the stray radiation of the optical system
which is transmitted by the filter, and it is proportional to the
blackbody radiance in the passband of the optical filter at the
ambient temperature, as shown in Eq. (8)

Φsys�T amb� � k1 · LB�T amb�; (8)

where k1 is the geometrical factor between the radiance and the
radiation flux. ϕsys�T amb� can be considered as the sum of
radiation emitted and reflected by many small elements [7].
Thus, k1 is related to the radiation transmission path, e.g.,
the transmittance, the area, and the corresponding projected
solid angle of each small element.

ϕfil�T amb� is the stray radiation generated by the filter. It
consists of the radiation emitted and reflected by the optical
filter, and it strikes the detector directly. According to
Kirchhoff ’s law, the spectral emissivity and spectral absorptivity
of a certain material are equal [24]. This means that ϕfil�T amb�
can be regarded as the difference between the ambient radiation
in the response waveband of the detector and the ambient
radiation transmitting through the optical filter. It can be
expressed as

Φfil�T amb� � k2 · �LBA�T amb� − LB�T amb��; (9)

where k2 is a geometrical factor, and LBA�T amb� denotes the
radiance of an ideal blackbody at temperature T amb in the
response waveband of the detector.

Then the offset B�T amb� can be written as

B�T amb� � m1 · LBA�T amb� � m2 · LB�T amb� � hdetector:
(10)

Here, m1 � G 0 × k2, and m2 � G 0 × �k1 − k2�. As shown
in Eq. (10), the offset under a certain ambient temperature
is a linear combination of the radiance in different spectral
bands. In theory, m1 and m2 are constants in each band for
a given dual-band thermometer, and they can be obtained
by fitting the offsets at two different ambient temperatures.

2. Ratio Formula of Dual-Band Thermometry Considering
Ambient Temperature
According to Eq. (10), the offset varies with the ambient tem-
perature. This will introduce an error of measurement radiance
ratio in Eq. (6); furthermore, it results in a measurement error.
Here, we assume that the ambient temperature of initial cali-
bration is T amb0 and that it increases to T amb in the subsequent
temperature measurement. The offset drift ΔB can then be
obtained as

ΔB � B�T amb� − B�T amb0�
� m1�LBA�T amb� − LBA�T amb0��

� m2�LB�T amb� − LB�T amb0��: (11)

To improve the measurement accuracy, the ratio formula
considering ambient temperature fluctuation can be written as

G2LB2�T t�−G2LB2�T atm�
G1LB1�T t�−G1LB1�T atm�

�h2 −�B2�ΔB2�−G2LB2�T atm�
h1 −�B1�ΔB1�−G1LB1�T atm�

;

(12)

where ΔB1 and ΔB2 are the offset drifts in different bands.
Equation (12) provides a method to remove the effect of am-
bient temperature fluctuations on dual-band thermometry. In
this method, the calibration of a dual-band thermometer does
not need to be performed frequently when ambient tempera-
ture changes. As a consequence, this method can solve several
inevitable problems in practical applications, such as the hostile
fields and the time lag between calibration and temperature
measurement.

3. EXPERIMENTS AND RESULTS

A. Experiment Setup
To illustrate the conclusions above experimentally, the experi-
ments are performed in three steps. First, we perform radiomet-
ric calibration to obtain the parameters of G and B under a
certain ambient temperature T 1, and we measure a gray-body
to verify the validation of the DMRT considering reflected
ambient radiation and stray radiation. Second, we repeat the
calibration processes under ambient temperature T 2, com-
bined with the calibration results of T 1. The parameters m1

and m2 can be obtained by fitting the offsets of the calibration
curves. Finally, the ambient temperature is changed to T 3, and
we achieve the temperature measurement results using
Eqs. (11) and (12). They are then compared with the results
achieved by actual calibration to verify the validation of the
ambient temperature-independent DMRT.

The experimental dual-band MWIR thermometer is shown
as Fig. 2(a). It consists of a cooled mid-infrared detector, an
optical system, and two infrared bandpass interference filters.
During the radiometric calibration, we adopted the near-
extended-source method, i.e., an accurate, extended blackbody
is positioned closely to the optical system so that the
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atmospheric effects can be ignored [25]. The radiation of the
blackbody, which is focused by the optical system, transmits
through the optical filter and strikes the detector. The two fil-
ters are alternately fixed in the optical path to collect incident
radiation at different spectral bands. The temperature measure-
ment was performed by replacing the blackbody with a gray-
body, as shown in Fig. 2(b). The spectral transmittance of the
filters, the spectral response of the detector, and the spectral
response of the dual-band thermometer with monochromatic
filters is shown in Fig. 3 [26,27].

B. Results and Analysis
To ensure good performance of our method, experiments were
conducted in a chamber with a controllable and stable temper-
ature ranging from 0°C to 50°C.

1. Results Considering Reflected Ambient Radiation and
Stray Radiation
The ambient temperature of the initial calibration T amb0 was
set to 8.3°C. To obtainG and B, we calibrated the two bands of
the thermometer under T amb0. Then the gray-body was mea-
sured at temperatures ranging from 50°C to 120°C, with 10°C
intervals. The integration time in our experiment is selected as
1 ms, and different integration times can be selected to accom-
modate the temperature range of the examined gray-body from
40°C to 230°C.

By using the left side ratio of Eq. (6), the calibration curve A
considering the reflected ambient radiation is obtained, and as a
comparison, the calibration curve B without this consideration
is also illustrated in Fig. 4(a). Obviously, there is a significant
difference between them, and the measurement ratios consid-
ering reflected ambient radiation and stray radiation are con-
sistent with the calibration curve A. In addition, the curves
A and B become closer to each other as the measurement tem-
perature increases. This implies that the effect of the reflected
ambient radiation will decrease for a high-temperature target,

Fig. 2. Experiment setup. (a) The calibration setup. The infrared
detector operates in 3.7–4.8 μm waveband, with a 14 bit digital out-
put. The blackbody operates in the temperature range of 0°C to 125°C,
and it exhibits an effective emissivity of about 0.97 in the waveband
above. The center wavelengths of the two filters are 4520 nm and
4665 nm, respectively. (b) The gray-body. It consists of a constant
emissivity plate, a constant temperature heating platform, and a K-type
thermocouple. The constant emissivity plate is manufactured by spray-
ing specific paint on an aluminum plate to ensure a constant emissivity
(almost 0.86 in the 3.7–4.8 μm wavebands). The aluminum plate is
fixed on the surface of a constant temperature heating platform that is
used to control the plate’s temperature. The K-type thermocouple is
spot welded onto the rear side of the gray-body to obtain the real target
temperature. The gray-body operates in the range of 30°C to 130°C
with an accuracy of 0.2°C.

Fig. 3. (a) Spectral transmittance for the 4520 and 4665 nm filters
and the spectral response of the detector. (b) Spectral response of the
dual-band thermometer with monochromatic filters.

Fig. 4. (a) Ratios of calibration and measurement. (b) Errors of tem-
perature measurement. The error bars represent minimum and maxi-
mum values from measurements for ten times.
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and it is essential to consider this effect for a low-temperature
target in dual-band temperature measurements.

After the calibration, temperature of the gray-body can be
obtained by comparing the measurement ratios with the
calibration curve. The measurement results are presented in
Fig. 4(b). When the reflected ambient radiation and stray
radiation are taken into account, the average errors of temper-
ature measurements are not greater than 2°C for the temper-
ature range of 50°C to 120°C. The error curve for temperature
measurements using calibration curve A seems to be evenly dis-
tributed around zero. The measurement errors are mainly
caused by the inaccurate measurement results of the ambient
temperature in Eq. (6). In addition, the fluctuating range for
each measurement point is less than 4°C and decreases as the
target temperature increases, which demonstrates that the ac-
curacy of our method is stable. Without these considerations,
the maximum measurement error even reaches 25°C shown as
the blue triangles in Fig. 4(b). Therefore, both the reflected
ambient radiation and stray radiation should be considered
when measuring a low-temperature target.

2. Results under Different Ambient Temperatures
To illustrate the method proposed experimentally, the calibra-
tions were first performed under different ambient temperatures,
i.e., 18.5°C, 29.4°C, 37.3°C, and 47.6°C. By use of the calibra-
tion results at any two ambient temperatures, m1 and m2 in
Eq. (10) were obtained by fitting the calibration offsets.
Therefore, the corrected offset drifts were calculated by Eq. (11).

The actual offset drift for each band is defined as the differ-
ence between offsets at a certain ambient temperature and
T amb0, i.e., 8.3°C. As shown in Fig. 5, it increases rapidly with
ambient temperature, and the maximum value is nearly 2500
DN (about 15% of the dynamic range of a 14 bit detector).
The calculated offset drifts agree well with the actual drifts.
Therefore, this method can be used to compensate the effect
of ambient temperature fluctuations on the calibration in
each band.

Temperature measurements were then conducted under the
aforementioned ambient temperatures. The experimental re-
sults under 29.4°C are presented in Fig. 6. The corrected mea-
surement ratios (blue triangles) considering the offset drifts
were calculated using Eq. (12). The uncorrected ones (green

circles) were derived without this consideration, and the actual
ones (red rectangles) were calculated by Eq. (6) using the actual
offsets in different bands under a certain ambient temperature.
The corrected ratios and the actual ratios are coincident with
the calibration curve, whereas, the uncorrected ratios seriously
deviate from the calibration curve. In addition, as shown in
Fig. 7, the corrected measurement errors are in good agreement
with that of the actual measurement. The difference between
them is caused by the error of the offset estimation. They are
less than the uncorrected errors, which proves that our method
can remove the effect of ambient temperature fluctuations on
dual-band temperature measurements. Besides, as shown in the
inset of Fig. 7, the precision of our method under other am-
bient temperatures is similar to that of 29.4°C, which verifies
that our method is valid for dual-band temperature measure-
ments under various ambient temperatures.

4. CONCLUSIONS

This paper proposes dual-band mid-infrared radiation ther-
mometry to measure the low-temperature target by considering

Fig. 5. Calculated offset drifts compared with the real ones. The
inset is a close-up of the error.

Fig. 6. Ratios compared with the calibration curve.

Fig. 7. Measurement errors under 29.4°C. When the target temper-
ature is less than 100°C, the uncorrected errors are larger than 40°C,
and they are omitted in the graph. The inset shows the measurement
errors of all the temperature points under other ambient temperatures.
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reflected ambient radiation from the examined target and stray
radiation inside the measurement system. By analyzing the
effect of ambient temperature on calibrations in each band
of a dual-band thermometer, an improved method to remove
the effect of ambient temperature is deduced. We illustrate
theoretically and experimentally that this method can yield
high measurement accuracy, and it can remove the effect of
ambient temperature fluctuations on dual-band temperature
measurements effectively. This method can be used for meas-
uring low-temperature targets, and it also provides an approach
to calibrate the dual-band measurement system in the labora-
tory instead of hostile environments, which can be practical in
the application of temperature measurements under various
ambient temperatures.
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