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ameras

iego Scaccabarozzi ∗, Bortolino Saggin
olitecnico di Milano, Dipartimento di Meccanica Polo Territoriale di Lecco, Via G. Previati 1c, 23900 Lecco, Italy
. Introduction

Uncooled microbolometers have been developed since the
980s aiming at producing low cost IR imaging systems mostly
or military applications [1,2]. Thanks to their small size, high reli-
bility, low power consumption, possibility to be used at ambient
emperature and most of all the dramatic cost reduction, in the
ast years they have experienced wide spreading in many industrial
nd civil applications, such as search and rescue [3], environmental
rotection, driver’s vision assistance [4], energy conservation, fire
etection [5] and medical imaging [6,7].

A resistive microbolometer absorbs infrared radiation from the
bserved scene and changes its electrical resistance according to its
emperature increase. Change of the resistance is usually sensed
y biasing the sensor through a constant current or voltage. The
ensing element is by design thermally insulated from the suppor-
ing structure whose thermal conductivity determines the detector
ensitivity and its dynamic performance [8]. Improving the thermal
nsulation increases the microbolometer sensitivity at the detri-
ent of the dynamic response therefore, a trade-off between these
pposite requirements is performed. At present, VOx microbolome-
er arrays are the state of the art in infrared uncooled technology
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E-mail address: diego.scaccabarozzi@polimi.it (D. Scaccabarozzi).
thanks to their high sensitivity, even though currently and likely
in the near future, a-Si and new silicon based materials are the
most common thanks to their lower cost and easier manufac-
turability [9]. The dynamic performances of microbolometers have
been already addressed in literature, e.g. in Refs. [2,4,10–15] and
[16–19] or [20], highlighting time constant ranging between 10 and
30 ms, mainly derived from theoretical computation and seldom
supported by any testing. To achieve signals compatible with tra-
ditional analogic video standards sampling rate of 30 Hz or 60 Hz
are quite common, despite only the lowest time constants men-
tioned above allow exploiting the sampling rate without major
dynamic errors. In conclusion, sampling rate is not an indicator of
the actual dynamic performances for this kind of instruments and
the time constant is not commonly indicated among the instrument
characteristics. Thus, an experimental characterization is generally
required.

This work describes two methods for the assessment of the
dynamic characteristics of a microbolometer, which are derived
from the commonly adopted methods for the determination of
the time constant in first order systems. Both methods have been
applied to a TH7102WX NEC infrared camera equipped with a
320 × 240 pixels microbolometer. The paper is organized as fol-

lows: Section 2 introduces and describes the methods used for
the dynamic characterization and provides the related uncertainty
budgets. Section 3 shows test results that are discussed in Section
4. Conclusions are eventually drawn in Section 5.
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ig. 1. Setup for the microbolometer dynamic calibration. (Bottom) Schematic to
valuate the time of the ramp signal.

. Material and methods

.1. Background

Step input response is a simple technique commonly exploited
o extract the dynamic characteristics of mechanical, electri-
al and thermal systems. For thermal imaging systems, as the
icrobolometer tested in our study, this input can be obtained by
oving a hot source in the FOV (Field of View) of the system looking

o a colder background. Alternatively, to avoid moving the source,
shutter mechanism can be employed: the source is positioned

ehind the shutter that cyclically opens and closes a window so that
n the camera FOV the hot source alternates with the cold shutter
lade. A scheme of the setup is shown in Fig. 1. A chopper gen-
rates a square wave like signal whose frequency is proportional
o the disc angular speed. This periodic input is commonly used in
nfrared detectors testing to differentiate between the dark current
ignal, due to the detector noise, and the true signal [21]. Anyway,
f the chopper opening and the sensor output are measured, the
requency response function (FRF) H(iωp) of the microbolometer
an be computed through their Fourier Transforms:

(iω) = O(iωp)
I(iωp)

(1)

here O(iωp) and I(iωp) are respectively the FFTs (Fast Fourier
ransforms) of the sensor and the chopper signals and ωp is the
ngular frequency.

If the microbolometer can be modelled as a first order system,
ts FRF can be-written as:

(iωp) = O(iωp)
I(iωp)

= k

1 + iωp�
(2)
here k is the detector sensitivity and � is the microbolometer time
onstant. If ωp varies in the range of interest, � and k can be retrieved
ith Eq. (2) from a parametric fit of experimental data.
The measured signal can be analyzed in the time domain as well.
In case of an ideal step input measured time response is expected
to be an exponential as in the following:

T(t) = Tf + (Ti − Tf )e
t
� (3)

where Ti and Tf are the initial and final temperatures. Rewriting Eq.
(2) in logarithm scale, one can write:

Z(t) = ln

(
T(t) − Tf

Ti − Tf

)
= −t

�
(4)

where the slope of Z(t) provides the reciprocal of �. The slope can
be obtained from the best fit of Z(t) [22].

Summarizing, both approaches can be applied to derive the
microbolometer time constant from the measured response to a
step temperature input.

2.2. Setup design

The setup exploited a “Scitec 300D” chopper with the two aper-
tures rotating disc that has an outer diameter of 102 mm. One of
the two sectors was eventually shut to provide a single aperture
of 90◦ angular span. The distance of the source from the chopper
rotation axis was 40 mm. The source was an aluminium cylinder
of 20 mm diameter, heated at different temperatures through an
electrical film resistor. The source temperature was measured by
a K type thermocouple incorporated in the cylinder whose surface
was coated with the high emissivity paint Electrodag501®.

In order to achieve a step input close to the ideal one, the rise
time (i.e. the time taken by the shutter border to sweep across the
pixel area) should be negligible in comparison with the expected
time constant. The chopper disc tangential speed depends on its
angular speed ωch and on the distance R of the source from the
chopper rotation axis:

v = ωchR = 2�fchR (5)

The pixel size lp can be determined by the focal distance L and
the instrument IFOV (Instantaneous Field of View) 2˛:

lp = tan(˛)L (6)

Moreover, an additional distance, identified in Fig. 1b as d, has
to be covered to complete the microbolometer pixel release. This
distance depends on the distance s between the source and the
chopper disc as:

d = D

L
s (7)

where D is the entrance diameter of the infrared camera.
Combination of above defined contributions leads to the defini-

tion of the rise time as:

tp = lp + d

v
(8)

In order to reduce as much as possible tp the setup designer has
three possibilities:

• reducing L to the minimum one allowed by the tested camera in
order to decrease the pixel size lp; and

• increasing the tangential speed v by enlarging the distance R or
the chopper frequency; and

• reducing the distance s between the chopper disc and the source.

In order to avoid aliasing problem the maximum camera samp-

ling frequency limits the chopper frequency; in our case, the
maximum sampling rate is 30 Hz.

Anyway, if tp is one order magnitude lower than the
microbolometer time constant, the discrepancy between real and



Table 1
Summary of the setup geometry.

Parameter Value

L (mm) 500
D (mm) 48
R (mm) 35
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s (mm) 3
IFOV (mrad) 1.58

deal step inputs becomes negligible. For the implemented setup tp

s expected between 0.5 and 5 ms, whereas the foreseen � is in the
ange of (10–30) ms therefore, even in the best case of the largest
ime constant, the assumption of ideal step input is not accept-
ble. Thus, the ramp transient was accounted in the input signal.
eometry of the final setup, the optical configuration and geom-
try constraints for the dynamic characterization are summarized
n Table 1.

.3. Uncertainty budgets

.3.1. Uncertainty budget FRF method
The uncertainty of the time constant measurement has been

etermined by numerical simulation, according to Ref. [23]. The
imulation parameters are reported in the following:

chopping frequency fch was varied between 1 and 6 Hz at fixed
steps depending on the number of chopping frequencies;
number N of the chopping frequencies for the FRF reconstruction
was changed between 6 and 21;
microbolometer time constant � ranged from 5 to 50 ms;
step input initial temperature Ti was set at 25 ◦C;
final step input temperature Tf settled at 60, 80 and 100 ◦C.

The temperature uncertainty assigned to Ti and Tf in the numer-
cal propagation was evaluated with a repeatability assessment
erformed on the infrared camera. Analysis of 300 frames of a black-
ody allowed evaluating the pixel repeatability. Fig. 2 shows the
easured temperature standard deviation in the acquired images.

tandard deviation looks symmetrical w.r.t. the sensor middle
long the image rows and increases up to 0.2 ◦C in the pixels near

he image edges. Along the columns instead the behaviour seems to
e uniform. The maximum temperature standard deviation of 0.2 ◦C
as used for the whole sensor’s area as a worst-case to derive the

ime constant uncertainty.
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ig. 3. (Left) Simulation flowchart. (Right) Simulated temperatures with different time
0 ms (light grey).
Fig. 2. Temperature standard deviation over the infrared image of a black body.
Colour scale is ◦C unit.

Real step input was modelled with a temperature ramp whose
rise time was calculated according to Eqs. (5)–(8). The overall
simulation time was set to 10 s. Fig. 3 provides flowchart of the
simulation: microbolometer time response and the ramp input
are resampled at 30 Hz and digitally filtered (Chebyshev type, 8th
order, cut-off frequency at 0.9 the Nyquist frequency) in order
to avoid aliasing in computed spectra. Fig. 3 shows simulated
responses at constant chopping frequency with different time
constants and noise addition.

Computed relative uncertainty varies from a maximum of 12%
at 5 ms to 4% at 50 ms. Moreover, low uncertainty (less than 5%) is
obtained for � in 10–30 ms range. No significant differences were
highlighted varying N for time constants between 10 and 50 ms.
Thus, N was finally set to 11, value identified as the best tradeoff
between experimental effort and expected uncertainty.

Moreover, general conclusions can be drawn by the performed
analyses. The uncertainty generally increases with time constants
below 10 ms because of the limited sampling frequency of the
infrared camera (i.e. 30 Hz) that does not permit measuring the sen-
sor dynamic for the lowest time constants. Finally, accuracy of the

proposed procedure worsens with the increasing of �. This effect
can be reduced by decreasing the chopper frequency range so that
even in case of large time constant, time response is adequate to
perform the FRF computation.

0.5 1 1.5 2 2.5 3

Time [s]

constants and fixed chopping frequency, i.e. 10 ms (black), 30 ms (dark grey) and
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Fig. 5. Uncertainty budget for the time based method with different final tempera-
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Fig. 4. Relative uncertainty for different step inputs and with N set to 11.

Comparison of the obtained relative uncertainty in the case of
ifferent temperature steps and with fixed N (set to 11) is shown

n Fig. 4. No noticeable differences can be evidenced, highlighting
hat the contribution of the detector noise is negligible.

.3.2. Uncertainty budget for the time based method
Uncertainty was evaluated with the following parameters:

chopping frequency fch at 1 Hz;
microbolometer time constant � ranging from 20 to 50 ms.

The initial and final temperatures were set at the same values

sed for the FRF method.

Detector noise, derived by the preliminary testing, was added
o the simulated signal (as shown in Fig. 3). fch has been chosen
s the lowest stable chopper frequency in order to maximize the

Fig. 6. Selected areas for the micro
tures, i.e., 60 ◦C (dashed curve), 80 ◦C (black) and 100 ◦C (light grey).

range on which performing the best fit. Time constants lower than
20 ms were not investigated due to the constraint imposed by the
camera sampling frequency. This figure is more critical than in the
FRF method since reducing further the time constant reduces the
points that can be used to perform the best fit of Z(t). These points
are in fact those differing from the steady state more than the mea-
surement noise.

Relative uncertainties with different step amplitudes are almost
constant and restrained to a maximum of 4%, as shown in Fig. 5.
Moreover, it can be shown that by increasing the amplitude
of the step input, the relative uncertainty reduces to about 1%
thanks to the reduction of the effect of the microbolometer noise

with respect to the dynamic part of the signal on the measured
temperature.

bolometer dynamic testing.



Fig. 7. Left: Best fit of the experimental data for 1 Hz chopping frequency (pos

Table 2
Time constants extracted with the time based method.

Position Average (ms) Repeatability %

A 27.3 8.4
B 28.3 8.7
C 26.1 8.1
D 29.1 4.9

Table 3
Time constants extracted with the FRF method.

Position Average (ms) Repeatability %

A 52.0 2.1
B 52.4 2.3
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derived from the methods are compared: changing the time con-
stant from 28 to 53 ms (plots with black and grey colours), reduces
the fit error of about 50%. Anyway, the achieved result still leads to
large residual errors.
C 54.4 3.6
D 52.8 2.4

. Experimental activity

Microbolometer performances have been evaluated in four dif-
erent positions as shown in Fig. 6 to assess the uniformity of the

icrobolometer matrix. In every position, the source temperature
as stabilized at about 60 ◦C and measured by means of the inter-
al thermocouple. For each position, time responses of 10 pixels
round the centre of the source were extracted and analyzed. Aver-
ge time constants, determined with the proposed methods, are
hown in Tables 2 and 3. Fig. 7 shows the best fit of Z(t) for a time
istory acquired with chopper frequency of 1 Hz and the infrared
amera as in position B. Fig. 7 provides also a blow-up of the best
t around 0.7 s where, one can notice the strong deviation of the
ata from the first order model. Computed FRF of the same pixels

s provided in Fig. 8.
Fig. 9 shows the measured temperature with 1 Hz chopping fre-

uency and the camera in position B. Fit of the microbolometer
ime response with the time constants derived from the methods

s shown in Fig. 9 as well. Fig. 10 shows data fitting increasing the

odel order. Computed time constants are provided in Table 4,
ith related fitting errors.

able 4
ime constants extracted with the time and frequency based methods changing the
odel’s order.

Order Time constants (ms) Error (◦C)

1st (Time) 28 19.4
1st (FRF) 53 9.3
2nd (FRF) 33.30, 33.28 3.8
ition B) with the time based method. Right: Zoom of the fit around 0.7 s.

4. Discussion

Time domain method provided an average time constant of
about 28 ms (Table 2), with measurement repeatability of about 8%.
Completely different result is achieved with the fit in the frequency
domain (see Fig. 8), which provided an average time constant
almost twice (Table 3), i.e. 53 ms average. The latter method showed
a repeatability of 2.5%. It has to be noticed that the matching of
FRF is quite rapidly worsening if one includes the frequency range
above 4 Hz. Thus, to achieve a better representation for the range
where attenuation is still acceptable, the time constants have been
extracted limiting the frequency range to 4 Hz.

Discrepancy between the methods is easily understood looking
to the Z(t) zoom shown in Fig. 7. The initial point where Z(t) starts
decreasing is neglected in the fit because the temperature input
measured by the microbolometer is a real step, therefore, this part
is affected by the rise time tp. In our case, combination of the setup
geometry and chopping frequency led to maximum rise time of
about 6 ms that is anyway, only about 20% of the sampling time.
Thus, only the first point of Z(t) was neglected.

The trend of the Z(t) is evidently not a line as would be expected
by Eq. (4), even excluding the initial point affected by the non-ideal
step input.

In Fig. 9 (right) responses of a system having the time constants
Fig. 8. Best fit of the experimental data (light grey dots) acquired in position B with
the frequency based method.



Fig. 9. Left: Full temperature time history (above) with lowest chopping frequency and zoom around 0.8 s (bottom). Right: Fitting curves of the experimental data with the
measured time constants. Black and grey curves represent, respectively, time based and frequency-based methods.
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Fig. 10. (Left) 2nd order FRF. (Right) Best fitting curve of t

This suggests increasing the order of the differential equations
hat models the thermal behaviour of the microbolometer. Second
rder systems have proved effective in modelling thermometers
24], with insulating structures i.e. systems quite similar to the

icrobolometer therefore, the identification of the parameters for
uch a kind of model has been performed as well.

A better matching is achieved with the 2nd order model, as
hown in Fig. 10 where FRF and time response are provided.
nhanced matching is proved also by the residual error reported in
able 4, which strongly reduces with the second order model. Two
lmost identical thermal constants have been found from the FRF
est fit. As done for the 1st order model, curve fitting was performed
n the measured data up to 4 Hz.

From all that, it can be concluded that in the case study, the
st order model does not allow to describe the microbolometer’
ehaviour even accepting modelling errors in the range of about
0 ◦C for a step input of about 40 ◦C; this is about one order of mag-
itude larger than the static accuracy. The adoption of a second
rder model improves the modelling accuracy with a reduction of
he error in the step input response prediction by about a factor 3
ut deviations larger than the static accuracy are still found.

The rather unsatisfying conclusion is that neither the first nor
he second order model provide an effective modelling of this
ind of detector. Thus, the usage of a time constant (or two time

onstants) appears unjustified and can be strongly misleading. If
ne is interested in defining the microbolometer’ dynamic perfor-
ance, the only effective ways seems to be the usage of the FRF or

f the bandwidth definition.
cro-bolometer’s time response with second order model.

A typical pass band criterion is identifying the frequency at
which the output is attenuated by 3 dB. With this criterion in the
case study, the microbolometer pass band upper limit is around
3 Hz (see Fig. 8), which is ten times lower than the sampling fre-
quency.

5. Conclusions

Two methods for determining the time constant of infrared
sensors have been applied to a commercial infrared camera
equipped with an uncooled microbolometer. One method is based
on the determination of the detector’s frequency response function
whereas the second approach uses the measured time history with
a real step input.

Uncertainty of the exploited methods has been preliminarily
assessed by means of numerical simulations aiming to design the
experimental setup with a trade-off between measurement efforts
and accuracy. Maximum uncertainty of the FRF based method is
lower than 5% in case of detector time constants down to 10 ms
whereas reduces to 2% for time constants larger than 30 ms. Uncer-
tainty of the time-based procedure is always below 4% for time
constants in the range between 20 and 50 ms.

Both methods were adopted to characterize a commercial

infrared camera. The FRF method evidenced good repeatability,
about 2%, fully compatible with the numerical simulations. Time
based method conversely exhibited a repeatability in the order of
8%, about twice the expected for time constant varying between 30
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nd 50 ms. Moreover, the time constants measured by the methods
ere not compatible with differences of more than 30%. Results

nalysis evidenced that a first order model cannot represent the
ystem behaviour even allowing for errors significantly larger than
he static accuracy. The implementation of a second order model,
hough allowing a significant reduction in the modelling errors,
till leaded to unsatisfying results if one considers the full fre-
uency band up to 15 Hz allowed by the sampling frequency. The
nexpected conclusion is that, at least for the characterized instru-
ent, the only effective dynamic characterization is through the

RF, which, by the way, shows that even accepting errors up to
dB in the modulus, the pass band is limited to 3 Hz, i.e. one fifth
f the maximum frequency allowed by the device’ sampling rate.
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