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ABSTRACT

Experimental Multi-wavelength Imaging Pyrometer (M-WIP) is presented for remote sensing of temperature profiles
of targets with unknown spectrally varying emissivity. A software package was developed for calibration and real-time
M-WIP measurements. An experimental 7-filter line-sensing M-WIP system was implemented with a 320x122-clement
PtSi IR-CCD imager and an assembly of narrow-band striped IR filters in the spectral range from 1797nm through
4512nm. The M-WIP system was calibrated against a commercial blackbody source over temperature range from 450°C
to 950°C. The signal processing included background subtraction, compensation for variation of dark current with
detected signal and correction for non-linearities of IR imager response. Initial M-WIP measurements demonstrated real-
time temperature resolution AT of £1°C for blackbody target over temperature range from 600°C to 900°C. Temperature
resolution of +4°C was demonstrated for the blackbody source viewed through the double polished silicon wafer with
unknown spectral transmissivity in the temperature range from 500°C to 950°C.

INTRODUCTION In order to obtain high accuracy of M-WIP

temperature measurements it is essential to compensate
for the inherent non-linearities of the IR imager response.
The signal conditioning presented in this. paper includes
conmpensation for the loss of sensor responsivity with
accumulated signal level (saturation), background
subtraction, and cormrection for the accumulated dark
current charge,

The non-contact radiometric temperature
measurements are based on the detection and analysis of
thermal radiation emitted by an object. The underlying
idea of all radiometric techniques is based on the concept
of the blackbody radiator which is defined as an ideal
surface that emits more thermal radiation than any other
surface at the same temperature. The emission of real
objects can be described by the surface emissivity, €,
which is defined as the ratio of radiation emitted by the
real surface to that emitted by the blackbody at the same
temperature.

This paper also presents the least-squares based
algorithm for calibration of M-WIP system against
reference blackbody source. This calibration utilizes wide
range of blackbody temperatures and yields effective

. . spectral and transmission characteristics of the system.
In general, in order to infer the temperature of the P sy

target from the measurement of emitted radiation, the

value of the surface emissivity, ¢, should be known.

Therefore, in the situations where the emissivity of thae MULTI-WAVELENGTH IMAGING PYROMETER
target is changing rapidly, or the conditions of the

process preclude the independent measurements of target In its most general form, the least-squares
emissivity, the conventional radiometric methods will minimization problem of M-WIP can be expressed as:
not yield the true temperature.

2
. N ~
This paper presents the progress in the development min Z iz[ S;—S T.E.X )} T, €EQ) )
of a multi-wavelength imaging pyrometer (M-WIP) for T.e i=1|0j

remote sensing of temperature profiles of hot surfaces with

unknown wavelength-dependent emissivity. For remote where:

temperature sensing by M-WIP, the spectral radiance of . )
the target is measured at several distinl():f wavelengths by Si — detected signal at4; (electrons/ pixel),

an IR-CCD camera with an assembly of 7 narrow-band  S(T,E,A) — theoretical signal at A (electrons/ pixel),
filters positioned in front of its FPA. Based on these T — unknown temperature of the target (K),
measurements the temperature and model parameters o ¢ - €(A) — emissivity model,

the target emissivity are determined simultaneously from VN . . .
the least-squares fit of the theoretical model of IR camera ~ OF — AS; = \/5 rms signal noise (s electrons/pixel)
output signal to the experimental data [1-4, 11].
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It might be noted that in the case of M-WIP, Eq. (1)
calls for minimization of the weighted sum of squares of
differences between the . theoretical and experimental
values of the detected signal, where the points with higher
values of the rms shot noise are given less weight.

Used in Eq. (1) radiometric model for the output
signal of the IR imager was developed based on the
reference wavelength [7] approach and is given by [2]:

S(AT)=K(AT)-e(A)-R(A)- Lip(AT) @

where L, (A, T) is the blackbody spectral radiance,

R(A) is the spectral responsivity of the imager, and K(2,
T) is the correction coefficient, which depends on the
effective transmission of the camera optical system,
T(A),the geometry of the detector and the optical
integration time.

It can be shown that the accuracy of the least squares
based M-WIP temperature measurement strongly depends
on the selected emissivity model [2]. In order to correctly
determine the temperature of the target with unknown
emissivity, it is necessary to provide a sufficiently
complex and flexible emissivity model that is capable of
accurately approximating the target spectral emissivity.
On the other hand, a too complex, overdetermined model,
will lead to a decrease in the resulting temperature
accuracy of the measurement due to the redundant degrees
of freedom which it introduces in the fitting algorithm.
Analysis of the published data on the spectral emissivity
of various materials [8] shows that in most cases the
spectral emissivity can be - adequately represented by a
polynomial function of wavelength:

eA)=ag+ay-A+ay AP +.. 6]

where a,, a,, a,-are the parameters of the emissivity
model.

However, our theoretical and experimental studies [9]
of the spectral emissivity of silicon using Fourier
Transform Infrared (FTIR) Spectroscopy (that may also
apply to other semiconductor and metallic surfaces)
indicate that the emissivity is most accurately
approximated by polynomial functions of wavenumber as:

I4

N )
8(/1)—(10—1—74-*’—2——*'... C))
A

EXPERIMENTAL M-WIP SYSTEM

As illustrated by the schematic diagram in Fig. 1,
the experimental M-WIP system consists of an IR camera
with associated electronics, an IR filter assembly, and an
image data processing system.
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Fig. 1. Multi-wavelength imaging pyrometer (M-WIP)
IR Camera

The experimental multi-wavelength —imaging
pyrometer uses a Samoff 320x244 PtSi IR-CCD camera
[5]. For the purpose of radiometric imaging, the camera is
operated in a non-interlaced mode with 320x122 pixels
and automatically selectable optical integration times in
the range from 120us to 12s or longer [4,10]. The
operation of the camera with variable optical integration
time increases its effective dynamic range and allows to
accommodate a wide range of optical signal levels.
Subframe integration time control was achieved by
employing a double detector readout. To facilitate this
operation, camera . circuitty = was - developed for
automatically controlling the CCD waveforms to operate
at the required integration time. This imager was also
operated in a multi-frame integration mode with a single
detector readout for optical integration times in multiples
of 33ms. The analog video signal was digitized to 12-bits
resolution. Circuits were also developed to embed critical
information in the video signal to facilitate radiometric
post-processing. An optoelectronically buffered digital
interface was developed to connect the camera system to a
DATACUBE image processing system.

M-WIP Filters

The experimental M-WIP presented here is based on
a line-sensing filter assembly with 7 narrow-band filters
mounted on FPA packaging. The line-sensing assembly
uses /1.4 spherical lens in order to focus the image of the
radiant target on the narrow horizontal slit. The image of
the target area defined by the slit aperture is then refocused
on FPA in horizontal direction using cylindrical lens as
illustrated in Fig. 2. As a result the image of the
horizontal line on the target surface is "spread" across all
M-WIP filters in vertical direction while preserving
horizontal resolution.

Focus Focus

Filter
/Assembly

Horizontal rays

Magnification=-Q/P

Vertical Rays

Slit

320X244
IR-CCD FPA

Spherical
Lens

Target Cylindrical Lens

Fig. 2. Filter optics for M-WIP (shaded areas represent
optical images)
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The central wavelengths, Ao, of M-WIP filters
ranging from 1797nm to 4512nm (at cryogenic
temperature of 77K) correspond to the spectral sensitivity
of the PtSi Schottky-barrier detectors (SBDs) used in the
camera. The bandwidths of the filters at half of peak
transmission range from 47 nm for the 1797-nm filter to
102 nm for the 4512-nm filter. The values of the peaks of
the filter transmissions were individually attenuated in
order to provide approximately equal detected signal at all
wavelengths for blackbody target at 700°C. The
attenuation of the IR filters in this manner partially
compensates for the spectral variations in the detected
signal levels and, therefore, reduces the requirements on
the dynamic range of the camera.

. Image Data Processing System

Image data processing for M-WIP is based on the
DATACUBE MaxVideo system wusing a SUN
workstation as the host computer. The DATACUBE
MaxVideo system is a user configurable real-time-image
acquisition and processing system. It consists of a
number of modules that can be interconnected to suit the
image processing task. The modules are housed in a 20
slot VME chassis box (MAX-BOX) while a SUN 4/330
acts as the host computer. The system can operate at a
maximum data rate of 10 MHz. In our system, we have
one MAX-SCAN data acquisition module, two ROI-
STORE 512Kbytes memory modules, three MAX-SP
general purpose signal processing modules and one
MAX-GRAPH video and graphics display module. A
custom developed display board is used to reformat the
320x122 image for standard RS-170 display. The
development software for the MaxVideo system is
ImageFlow which consists of a set of C-callable libraries.

EXPERIMENTAL RESULTS

Compensation for Inherent System Non-Linearities

In order to obtain high radiometric accuracy of the
M-WIP measurements, we have found it necessary to
compensate for non-linearities of the IR imager response
[3.4]. Inthe case of the PtSi IR-CCD imager used in the
experimental M-WIP system, both the dark current and
the spectral responsivity of the Schottky-barrier detectors
(SBDs) depend on the SBD bias voltage and decrease
with increasing level of integrated charge signal. This
dependence of the dark current and responsivity on the
detected signal is especially pronounced at high signal
levels resulting in a "saturation-type" non-linearity. On
the other hand, the reduction of the signal due to apparent
charge trapping losses is especially evident at low signal
levels and represents "offset-type" non-linearity.

In order to correct the detected signal for the dark
current charge, the suppression of the dark current due to
high signal level can be estimated according to the
following algorithm:

1. Using cold-shield to prevent radiative flux from
reaching the detectors, the dark current charge is
experimentally measured for a wide range of optical
integration times [3,4]. The dark current is then

approximated by an exponential function o
integration time, tjpt, as:
measured _ bt
SDC =qge ™4 (5)

A derivative of Eq. (5) with respect to optical
integration time, tjpt, represents the dark current
which can be expressed as function of the
accumulated signal:

measyred~ __ ~ asggasured _
Ipc(Sp™ ) =1 pe(S) = —=——=
atint

- b(Sglgasured —9=bS-0 ©
where S represents the total accumulated charge
regardless of its source.

2. The dark current component of the signal integrated
by the imager viewing the radiant target can now be

expressed as:
bt
S[e)%imated(T >Lint ) = j IDC(S(Tatint )) dt =
: 0 : :
- %(S(T,tim )= k1~ k) + bks — g

O
where  S(T,t;, ) = ke 4k, is the detected
signal approximated by the exponential function of
optical integration time, tipt, and T is the
temperature of the radiant target.

Figure 3 illustrates the experimentally measured dark
current charge, STE*®d and the estimated dark current

charge, Sgumated " corresponding to the imager viewing

the blackbody target at 500°C, 600°C, 700°C, and 800°C
through the 4512-nm filter.
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Fig. 3. Measured and estimated dark current
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In order to compensate for saturation non-linearity of
the imager response it was assumed that this non-linearity
represents the loss of the detector responsivity with rising
bias voltage and, therefore, it is primarily a function of the
detected signal level.

The pixel-by-pixel correction for offset and saturation
non-linearities of IR imager response is achieved
according to the following algorithm:

1. Based on the experimental signal measurements for a
wide range of blackbody temperatures and values of
the optical integration time, the detected signal can
be approximated by an exponential function of optical
integration time, tiy, for each temperature, T;, of the

calibration source, as:

tmt

Sdetected= ai + a

®
For N various radiative fluxes corresponding to N
various temperatures, T;, of the calibration blackbody
source the intensity of the incident on IR detectors
radiative flux is characterized by the ratio of the
detected signal, S(T;, tin), to the value of optical
integration time, tiy, as:

S(T; ,tm,)
t

Fi=

1

=1,.,.N

int )
The linearized signal corrected for off-set at zero
integration time can now be expressed as function of
the detected signal and the mtens:ty of the incident

radiative flux as:
detected
linear _ oS k k
S - or 0 Xl = a1y Ly
int

(10)
detected
= a] l f’( S —% )

where index k is determined from the following
condition (assuming that Fy are sorted in the

ascending order):
FytFiey g detected Fk+Fk+1 an
2 tint 2
The radiative flux intensities used for M-WIP

calibration, F;, are stored in the ascending order
along with corresponding coefficients a;' and a;' in the
correction table for each pixel. During the on-line M-
WIP temperature measurements these tables are
searched according to the criteria given by Eq. (11).
Once the appropriate flux level, Fix, has been
determmed the corresponding correction coefficients

a* and a* are then used for signal linearization
according to Eq. (10).

Figure 4. illustrates the correction for saturation non-
linearity resulting from application of the above algorithm
to the signals detected by M-WIP through 4500nm filter
illuminated by the blackbody source at 600°C.
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Fig. 4. Saturation non-linearity correction.

Calibration of M-WIP System

The experimental M-WIP system includes a least-
squares-based calibration algorithm [1-3] for evaluation of
effective values of peak filter transmissions (To) and center

wavelengths (Ao) based on the detection of radiation
emitied by the pre-calibrated blackbody source over a
wide range of temperatures:

min 2.
T, A, =1 Oi

where:

<1 BB ’
—|S,~ST* T, 4,) ~T,,A,12)

Tim’— i-th temperature of reference blackbody source,
o, =AS; = JE — rms signal noise (rms electrons/pixe]

A sevenfilter experimental M-WIP system was
initially calibrated according to Eq. (12) against a
reference blackbody source over a temperature range from
450°C to 900°C. It should be noted that the initial
calibration did not include the compensation for
saturation non-linearity of the imager response. This
calibration resulted in an effective radiometric uniformity
correction of all camera pixels used for the M-WIP
measurements. However, due to self-compensation for
non-linear response of the imager by the calibration
algorithm, the initial calibration resulted in a shift of the
effective center wavelengths of the filters in the range of 28
to 358 nm as compared to manufacturer specifications (see
column II of Table 1). In order to study this effect, the M-
WIP "calibration" was also performed on the basis of the
simulated signal with various values of "offset" and
"saturation” non-linearities. It was found, as illustrated in
column III of Table 1, that "offset" non-linearity of 2.5%
of Qmax at zero optical integration time (i.e. tin=0) and
"saturation” non-linearity of 8% at 50% of Qmax results
in similar shifts in effective center wavelengths of IR
filters as was obtained for the experimental data not
compensated for imager non-linearity.

International Archives of Photogrammetry and Remote Sensing. Vol. XXXI, Part B1. Vienna 1996



Table 1. Calibration of M-WIP filters

AA Center Wavelength, Ag (nm)
No J@m| Aol pnita Mwre | Final
Specs | M-WIP | Estimated | M-WIP
Calibration Calibration
T1= 51 | 1790 2004 2007 1758
2 64 | 2180 2220 2258 2174
3 60 | 2580 2721 2792 2446
4 38 | 3158 3186 3227 2961
5 60 | 3447 3696 3645 3113
6 77 {3970 4175 4267 3756
7 102 | 4536 4870 4846 4594

Poor quality of the initial calibration led to the
incorporation of the correction for “saturation-type”
response non-linearity into the final version of the signal
conditioning algorithm. As shown in the column IV of
Table 1, the correction for "saturation” non-linearity of
imager response resulted in the calibration of M-WIP
filters with the center wavelengths representing a much
closer match to the manufacturer's specifications.

Demonstrated temperature resolution of M-WIP

The quality of the least-squares fit of the theoretical
M-WIP signal model to the experimentally detected
signal correspondmg f0 blackbody target at various
temperatures is illustrated in Fig. 5. It should be noted
that the presented results were normalized to the
transmission characteristics of filter No. 1.

Using the M-WIP calibration with the correction for
“saturation” non-linearity, we have achieved an accuracy
of £1.0°C for real-time temperature measurements of the
center of the blackbody aperture in the range from 650°C
to 900°C as illustrated in Fig. 6.
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Fig. 5. Measured and M-WIP modeled signal levels for
blackbody target temperatures from 450 to 750°C
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In order to study the accuracy of M-WIP temperature
measurements  for targets with spectrally varying
emissivity, a double-polished silicon. wafer was placed in
the optical path of M-WIP system. The blackbody source
was then imaged onto M-WIP filter assembly through a
silicon wafer acting as a broadband filter with spectrally
varying transmission. In this set-up the spectral
characteristics of the radiation incident on the M-WIP
imager are given by the product of the blackbody
radiation (given by the Planck’s equation) and spectral
transmission of the double-polished silicon wafer.
Therefore, for this test the radiation incident on the M-
WIP imager corresponds to that of radiant target with
temperature equal to the temperature of the blackbody
source and the spectral emissivity of the double-polished
silicon wafer.

Blackbody Aperture
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Fig. 6. Real-time M-WIP measurements of blackbody
temperature after implementation of on-line correction for
“saturation” non-linearity.

As shown in Fig. 7, based on the optical
arrangement described above we have demonstrated the
accuracy of +4°C for off-line temperature measurements of
the location corresponding to the center of silicon wafer in
the temperature range from 500°C to 950°C. The

corresponding M-WIP  estimate of the spectral
transmissivity of double-polished silicon wafer is:
7() = 0.4893+0.017-1 (13)
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Fig. 7. M-WIP measurements of target temperature with
effective emissivity equal to the transmissivity of double-
polished silicon wafer.
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CONCLUSIONS

e A multi-wavelength imaging pyrometer (M-WIP) was
presented for remote sensing of temperature profiles of
gray and color targets with unknown emissivities and
software package was developed for calibration and real-
time M-WIP measurements. An experimental 7-filter
line-sensing M-WIP system was implemented with a
320x122-element  non-interlaced  PtSi  IR-CCD
radiometric camera capable of operation with optical
integration times ranging from 0.12ms to 12 s, thus
providing wide dynamic range.

e After calibration against a commercial blackbody
reference source in the temperature range from 500°C to
950°C, temperature resolution of *1°C was
demonstrated with the experimental M-WIP system for
real-time temperature measurement of the blackbody
source in the temperature range from 600°C to 900°C.

e The study of the accuracy of M-WIP temperature
measurements for targets with spectrally varying
emissivity was - conducted using double-polished
silicon wafer placed in the optical path of M-WIP
system. Temperature resolution of +4°C was
demonstrated with the experimental M-WIP system for
blackbody source viewed through the double polished
silicon wafer with unknown spectral transmissivity in
the temperature range from 500°C to 950°C.

e To achieve the above performance, the radiometric IR-
CCD camera was operated with black level and
background subtraction, a compensation for dark current
charge corresponding to radiant target and background
signal levels (including correction for the variation of
SBD dark current with signal level), and correction for
saturation non-linearity of the imager response as
function of the accumulated signal and the intensity of
the incident radiative flux.
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