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Abstract: Conventional thermal imaging cameras, based on-fieak array (FPA) sensors,
exhibit inherent problems: such as stray radiation, eaksand the calibration uncertainty of
ensuring each pixebehaves as if it were an identical temperature sensor. Radiat
thermometers can largely overcome these issues, comprisintyat single detector element
that can be optimised and calibrated. Although the latter approach cadepexcellent
accuracyfor singlepoint temperature measurement, it does not provide a temperature image
of the target object. In this work, we present a micromechanical syQ#EMS) mirror and
silicon (Si) avalanche photodiode (APD) based shpitel camera, capable of pradog
guantitative thermal images at an operating waveleofgthpum. This work utilises a custom
designed theta wideangle lens and MEMS mirror, to scan-+30° in both x and y
dimensions, without signal loss due to vignetting at any point in thedieldtw (FOV). Our
single-pixel camera is shown to perform well, with 3 °C sifesource effect (SSE) related
temperature error and can measure below 700 °C whilst achieving + hb6iS€ related
measurement uncertainty. Our measurements were calibrateld traceable to the
International Temperature Scale of 1990 9. The combination of low SSE and absence
of vignetting enables quantitative temperature messents over a spatial field with
measurement uncertainty at levels lower than would be pessith FPA based thermal
imaging cameras.
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1. Introduction

Thermal imaging cameras are commonly used in manufacturing and industcesging for
fault detection, temperature easurement and process contrth4. Qualitative thermal
imaging enables the detection of hot spots or defects within the proceslgnkifying and
resolving temperature differences across the target object. Howeham, the measurement
of absolute temperature is required, a quantitative approach to thermal imaguid se
used. Such applications require the measurement of temperature not simgiyngiepoint
upon the target, which could be provided by the use of a giiggé radiation thermomet
[5-7], but over a spatial field, in the form of a thermal imagragerature map.
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Photon detector based fogdhne array (FPA) thermal imaging cameras are the fastest
thermal imaging technology available for standard imgdiormats. Typical near infrad
silicon (Si) based FPA cameras, for process imaging, may o#ferefrates of > 60 Hz for
resolutions of 2048 by 2048 pixels, with diminishing frame rates and riesolait longer
wavelengths§]. Lower temperatures must be imaged at longer wavelengitisgenerally
more expensive technology; these are often designed around inherently expensive
thermoelectrically or cryogenically cooled photon detectors. Lowet tbesmal detector
based instruments are an alternative, however, the lowigost the gpense of lower
sensitivity and longer response time. The use of FPA based theragihgncameras for
accurate quantitative temperature measurements provides significantiyeased
measurement uncertainties compared to radiation thermometers. Measomiegature with
these cameras provides additional challenges which are inherent to the®#dPproblems
include interpixel crosstalk and stray radiation, with the sipésource effect (SSE) being a
major contributor to the latteB[10. It is verychallenging to devise a calibration scheme that
can ensure each pixel behaves as if it were an identical radiation thermohigtérhe
various inherent properties of FPA based thermal imaging cameras te&dors when
trying to use them for accurate quantitative temperature measotef?)].

Another consideration for the realisation of an accurate temperature emastiis the
emissivity of the target object. Emissivity is the ratioradiated emittance from a target to
that of a perfect blackbodwgt the same temperature, wavelength and viewing angie. It
highly dependent upon the surface conditions of the matd@hllfs value may be a priori
known and, therefore, factored into the temperature calculation within ndteurment
processing algorithms. However, if emissivity is not known, one approach woutd be
perform the measurement over different spectral ranges using aadittion thermometer
[14] or a wavelength scanning techniqu&{17]. Ratio radiation thermometers perform the
measuement using two closely spaced wavelength bands (channels) where iniedskat
the emissivity is the same for each channel; the measured temperatheesiore, related to
the ratio between the two channels. Wavelength scanning techniques inaking t
measurements at multiple narrow wavelength bands, by, for examplengitiisvariable
optical filter. Such an approach provides more spectrabsivity information to the
temperature calculation, at the expense of limiting the minimum meakuteaiperature.
Increasing the number of wavelength points exacerbates this issuetateslithe need for
longer acquisition time. The detector could be exchanged for a FPA, tce espdtral
imaging over a spatial field §], although the aforementionedsige of SSE is still deleterious
for quantitative temperature measurement uncertainty.

We previously presented work on the development of a spigét scanning thermal
imaging system that demonstrated some features required to enable duarttietmal
imaging [L9]. The system featured a micromechanical systems (MEMB8pmjpositioned
upon twoaxis actuators utilising a beam steering techni@@ fo scan the field of view
(FOV) of a singlepixel over the target. This was in contrast to other sipidel imaging
techniques, such as rotating mirroi][and digital micromirror devices (DMDsP2,23.
Rotating mirror cameras are ideal for scanning lines of temperature at éaeipato 150 Hz
for measurement of 1000 poinB]. These systems offeeduced SSE, simplified calibration
and are suitable for integrating a wide range of photodetectovarious temperature ranges.
DMDs enable a more cost effective method of imaging in the near anewshartinfrared,
compared to FPAs, whilst the utiligan of compressive sampling algorithms enables
reduction in the acquisition time. There is a natural tafflebetween frame rate and
resolution; for instance, Edgar et al. demonstrate frame rates of €llG-228 Hz for
resolutions of 32 by 32 and 64 bwy,6respectively 25]. However, to the best of our
knowledge, DMDs have not yet been demonstrated for quantitative temperature
measurements.
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In our new work presented here, we have, for the first time, deactlappractical 1 um
MEMS based singhkpixel thermal imaging camera and tested it for quantagatmperature
measurements against the International Temperature Scale of 19900fIT36]. This
provided us with a camera having traceable measurement unceraimty3I, demonstrating
guantitative temerature mapping of scenes 64 mm by 48 mm, at a focus distaB@é nfm.

We developed a custom designetthdta lens that enabled wide target area scanning without
vignetting related measurement error; with an angular FOV-0887, in both the xand y
dimensions. Compared to our previous work, a larger area MEMS mirrdntegsated into

the system, leading to reduceddmber and resulting in improved SNR. We also reduced the
pixel integration time to 400 us, which increéidbe data capture rate and produced thermal
images in a standard format of 160 by 120 pixels, in under 8 secondee®winglepixel
camera is capable of measuring below 700 °C whilst achieving a measuremergintycert
related to electronic noise, of better than + 0.5 °C. Thanismportant typical maximum
noise parameter for radiation thermomegyj|

2. Camera design and experimental procedures

The singlepixel camera setup used for singleel thermal imaging is shown Fig. 1

Power
supply
TIA witl .
Si A‘;’}J‘ DAQ unit
Lens \ I
Ametek LAND Landcal R1500T assembly
blackbody reference furnace ﬂ DMM
or hot target object \1
300 mm g
« N Computer
h] [ controller
80 mm \
108 mm
MEMS
- mirror
Target
aperture

Fig. 1. Singlepixel camera thermal imaging setup. DAQ unit replaces DMM for noise
measurement; furnace can alternatively be replaced by a hot object.

The resolution of our thermal images is not limited to fixed dimensionsubedhe
MEMS mirror positions can be defidan software. In this work, an array of 160 by 120
measurements was chosen because it is a standard thermal imaging &8jmathé
corresponding MEMS mirror positions were foaded into the locally stored flash memory
of a Mirrorcle Technologies MEMB8ontroller. The singlgixel's FOV was scanned over the
horizontal and vertical positions across the target usingidirectional raster scanning
pattern. The APD active area was 0.2 mm; a small active area is requirédirise the
FOV of the singlepixel. This improves measurement resolution, whilst also limiting detector
noise caused by dark current and capacitance. In order to reduce reflectiomsréhdue to
the APD die metal contacts, a 0.8 mm diameter aperture glare stop was plactdaticee
the detector package. An RG850 filter was positioned in front of the gjiapeto reduce the
ambient light reaching the detector and to reduce the dynamic range required of the
acquisition electronics. The total spectral band of thkeeument was, #refore, between 0.85
and 1.1 um; with the cwdn wavelength limited by the RG850 filter and the-afft
wavelength limited by the long wavelength sensitivity edge of the APD. The ARialk
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response wavelength was quoted by the manufacturer as 0.84 um. The meigsatadas
converted to a photocurrent by the APD and amplified and converted toagevddy a
transimpedance amplifier (TIA). This voltage was logged byAa MAB controlled Keysight
Technologies 34465A digital multimeter (DMM) set to an integration timd0&f ps. The
Hamamatsu S124262 low bias voltage Si APD2P] was used with a conventional TIA
comprising a Texas InstrumenOPA657 opamp and a resistarapacitor (RC) feedback
network of 2 MQ and 1.8 pF, respectively. This was followed by a first order RC filter (1 kQ

and 1 nF) for additional noise filtering. Therefore, theerall circuit response time was
approximately 10us; this was significantly faster than the integrationetiof the DMM,
which is currently the temporal bottleneck within our w@sijion system. To provide a
constant high voltage to the APD, a Laser Components ABOB50igh voltage biasing
module was wed; the optimum bias voltage for peak SNR ratio was found to be at
approximately-105 V. The APD was highly sensitive to variations in ambient temperature;
the temperature coefficient of its breakdown voltages .1 V/°C, which would lead to a
slight variation in gain drift as a function of ambient temperature. Therefombient
temperature correction was applied to the biasing module using measurements from a 2 kQ
temperature sensor that was placed near to the APD. This enabled edfssimthe bias
voltage and ensured the APD gain was stabilised.

The implementation of a practietd-use singlepixel camera required the design of an f
theta optical system. Our lens consisted of five elesnantl two groups. A comparatively
large Mirrorcle Technologies MEMS mirror, 5 mm in diameter, was seétwden the two
lens groups. The desidacal length of the lens was 18 mm. For every 100 mm further from
the camera, the measurement area for each mirror location was, therefigredide
increase by 1 mm; the design FOV was 100:1 in radiation thermometer natasncl
Calculation of tempetare from the measured output voltage, for each pixel, can be achieved
using the Wien approximation to Planck’s la¥@][ Calibration took place with our camera
sighted on a 10 mm aperture that was placed directly in front of the furnace ep€cdur
ensue our measurements were traceable to-90Sthe furnace temperature was measured
using a UKAS certified Ametek LAND Cyclops 100L reference thermoni@@rprior to
each measurement. This thermometer was quoted by the manufacturer to medsure wit
accuracy of 0.25%K and repeatability of 0.1%K of the reading, with an operational
wavelength of 1 um. This reference thermometer (transfer standard) wadbleatcean
original reference thermometer, at the UK National Mezment Institute, which was
calibratedagainst high temperature fixed points, according to the definitions anedpres
within 1TS-90 [26].

A key parameter that is used for measuring the quality oémimages is the modulation
transfer function (MTF). MTF is a measure of the spatial freqes that a camera can
resolve and quantifies its ability to distinguish corttnagthin an image 1,31. A simple
method we used for assessment of the sipglel camera MTF was based on the 1951 USAF
test pattern. This consisted of a metal plate featuringliggspaced bar targets alternating
between open and opaque sections, ranging from slit widths of 7 mr,rtorQ.as shown in
Fig. 2. The singlpixel camera imaged each bar target, with the cross section of each image
taken and normalised relatite the maximum and minimum of the 7 mm measurement. The
maximum,|max, and minimum|mn, of each of these image cresections were taken and used
to calculate the system level MTF. This included both tR®Aand electronic system of the
camera, using {1 which is plotted as a function of the spatial frequetieg inverse of the
slit width.
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Fig. 2. MTF test plate used for spatial frequency assessment.

MTE = Imax_ I min (1)
max + I min

The imaging resolution can be defined as the spatial frequency corresponding té-an MT
of 0.5, such that image areas with spatial frequencies lower than this valtaken to be
resolved sufficiently well for qualitative imaging mases. For quantitative temperature
measurements, we define the measurement FOV as dogt&@% of the radiant power
emitted by a target source that is twice the diameter of the paraxial image APEhe
optically responsive area. We, therefore, considered sections ofage imith longer spatial
frequency variations than this value to @in accurate radiometric measurements. Both of
these criteria accord with standard practices in thermal imaging andaiadfermometry,
respectively 9,27).

D* related temperature nois81] was measured by setting the sinplgel camera to its
0°, 0°origin position. A Labview controlled National Instremts USB6212 data acquisition
(DAQ) unit was used to log data every 10 us over a 10 s period. This enablechtte [wat
integrated at different time periods, to assess the effect that varyingtéahacdaisition time
would have on the camera noise performance. Themeatisquared (RMS) noise was
calculated by dividing the noise as a percentage of the measiuirn@i®@ x standard deviation
/ mean) by the percentage change in measured radiance for a one degreeciGaigiesn
target temperature (%/°C) of the measurement for each target temperats/°C value
depends upon the mean effective wavelength of the measurement; which ieithgeav
wavelength of the spectral response of the detecter the measured temperature range
[32,33. Noise manifests as a fluctuation in the measured temperature, wlicheasured
within £ 1 standard deviation of the mean.

Silhouettes of various target objects were acquired by placing thenoninof a furnace
that was heated to 1000 °C; measuring 993 °C using our reference tretemacbhe single
pixel camera was also focused on a hot target object, to demonstrdteriibgltimaging
capabilities in a representative tssse.

3. Results and discussion

A suite d measurements were performed on our shpitel camera following calibration,

with the main aim of elucidating the performance of spatial and thermal resoliti3D
printed titanium lattice was imaged by the singibeel camera; firstly, illuminated wh near
infrared radiation from a halogen light source and secondly with it heated to a high
temperature using a butane propane torch flafigure 3shows (a) a photograph of the
target, (b) an image of the target with near infrared ilhation, (c) an ocalibrated raw data
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radiance image of the heated lattice and (d) a calibrated temperatucé thefheated lattice.
Both the illuminated image and the uncalibrated radianegénindicate that the singexel
camera can resolve relatively fine featunathin the lattice. The calibrated image indicates
that the temperature at the point where the flame impinged the latticeorogert1100 °C.

The measured temperature then decreased in all three dimensions movingcaalyis
point, indicating the redition in the temperature of the lattice. With the camera focused at
300 mm from the furnace, the overall imaging scan area was 64 mm by 48t taial
image capture time of under 8 seconds.

(b)

-
S

%]
=

Y-axis position (mm)

8 16 24 32 40 48 56 64
X-axis position (mm)

(©) (d)

=
S
s
=

20- 20

Y-axis position (mm)
Y-axis position (mm)

8 16 24 32 40 48 56 o4 8 16 24 32 40 48 56 64

X-axis position (mm) X-axis position (mm)

750.0 800.0 850.0 900.0 950.0 1000 1050 1100 1150

Fig. 3. Target object imaging of 3D printed titanium lattice: (a) visible image of target, (b) near
infrared illuminated target image, (c) uncalibrated raw data image of heated target and (d)
calibrated temperature map of the heated target. The emissivity of the titanium lattice is a
priori assumed to be 0.534].

The surface emissivity of the titanium lattice is a prisswaned to be 0.534)], which is
factored into the calibration of the imagehig. 3(d) If emissivity were to be ignored, or
synonymously assumed to have a value of 1.0, when performing theertgore
measurement, the resulting measurement would read “low”. Sudrgegeasurements in this
work were performed using a calibrated approximate blackbody referenaxé, with a
specified emissivity of 0.998. Therefore, any emissivitjated errorwas assumed to be
negligible. Additionally, the reference thermometer was sensitive tosdnee band of
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wavelengths as our instrument, therefore, the residual emissivity lntestapproximately
cancelled.

Visible Raw data near Calibrated
image infrared image thermal image
é"”
16 24 32 40 48 56 o4 8 16 24 32 40 48 56 64
k-,’|\|ﬁ p‘\s-:mn (mm) k-ﬂkl_\' FK\_\".'.I(\]! immj}
= 40
E
g!(r
£ 16 24 32 4D 48 56 64 B 16 24 32 40 45 56 64
X-axis posinon (mm) Xeaxis position (mm)

&

t

Y-axis position (mm)

6 24 32 4D 48 56 ol 8 16 24 32 40 48 56 64

X-axis position (mm) X-axis position (mm)

(d)

Y-axis position {mm)

8 16 24 32 40 48 56 o4 B 16 24 312 40 48 50 od

X-axis position (mm) X-axis position (mm)

970.0 975.0 980.0 9850 990.0 995.0 1000 1005 1010

Fig. 4. Target object imaging of (a) a nariogvpoint, (b) a mesh with 5 mm holes, (c) 6 mm
wide slits and (d) 3 mm wide slits. Each object is shown with a visible image, a raw data near
infrared image and a calibrated temperature map image. Furnace temperature was 993 °C.

Radiometrically accurate measurements were made with reference to an approximate
blackbody using the furnace and target objects, assuming a ndamniesivity measurement
scenario. The aim was to demonstrate quantitative imaging and the-skadleamera’s
ability to measure with traceability to IT8. Figure 4shows images of (a) a narrowing
point, (b) a mesh with 5 mm holes, (c) 6 mm wide slits and (d) 3 mm wide sliteaEbr
target object, we show a photograph of the target, an uncalibrated rawedatanfrared
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radianceimage and a quantitative calibrated temperature map. The calibrated tenmeperatu
map range was limited to between 970 and 1010 °C to demonstrathéddentperature
measurement compared to the 993 °C that was indicated byfenaniee thermometer.

The sighal intensity images superficially correspond well with visible images; there is
good distinction of features, which are replicated ie #ignal intensity images. Some
blurring can be seen when the pixel FOV moves between the opaque tardbe aph
furnace aperture; the signal from each pixel measures an average of the &©¥ timoves
across. This highlights the need to minimise the FOV of the spigé camera, leading to
increased spatial frequency and the ability to resolve finer detaigssyistem level MTF of
the singlepixel camera was measured and plotted as a function of spatial frequéngy5n
With a specified MTF of 0.5, a spatial frequency of 0.6 tmwas measured, which
corresponds to a qualitative measurement resolving of featurebsioes 1.67 mm.

10{ epge

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Spacial frequency (mm'l)

Fig. 5. Singlepixel camera MTF as a function of spatial frequency. Furnace temperature of
993 °C.

As described above, the singlxel camera appes ideal for qualitative imaging
applications, such as the detection of hot spots upon targets. We irteegt@gguantitative
measurement performance below.

Temperatures corresponding only to 970 °C and above are shoWig.id, for the
calibrated image From a quantitative point of view, for the determination of anratzu
temperature measurement, the finer details within thegémaneasure below their
thermodynamic temperature, which results in a temperature measurementThisois
equivalent to th error due to under filling the FOV of a conventional radiation thermometer.
Recapitulating: if the FOV is large compared to the size of the feature or digject
measured, radiation thermometry will not provide an accueatpérature measurement and a
measurement will be made which is below the true surface temperature ngesulthe
thermometer measuring “low”. Our singbixel camera also measures low when the pixel
FOV moves between the exposed parts of the furnace and those covered by te#esilhou
The corollary is that, as the exposed furnace area is increased, and thmenstgathers
radiation from a larger area, there is a SSE contribution to the teonmgeratasurement
resulting in a measurement which is greater than the tréecsuenperature.

To further assess our singhxel camera’s quantitative measurement capabilities, fully
calibrated thermal images are shownFig. 6 for a furnace temperature of 993 °C with
varying diameter target apertures from 5 to 25 mm. There is somaniformity in the
measured temperature across each of the apertures, and a reduction in thedmeasure
temperature at the periphery of each aperture. Incredaegiet aperture diameter results in a
concomitant increase in the measured temperature. If we measure alicerdeoss our
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images of the apertures, using the uncalibrated raw data, the full width atehdthum
(FWHM) yields an accurate measure of the true aperture diameter.

S mm

M 5 mm

M 10 mm

¥ -axis position (mm)
¥-axis position (mm)
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Fig. 6. Target aperture imaging shown for target apertures of 5, 84120 and 25 mm in
diameter. Furnace temperature of 993 °C.

Crosssections of each image were taken across the apertungomid and are shown in
Fig. 7. They clearly show the image naniformity, the increase in measured temperature
with increasing target aperture diameter and the reduationeasured temperature at the
aperture periphery. There is approximately 9 °C increase in negbisumperature, comparing
the peak readings of the 10 and 25 mm aperture measurements as a r&ajtvafiiSh can
result from a variety of factors. Within our singlxel camera, SSE is likely to be due to
stray reflections from the imperfectly blackened metalwork and some sagti@nin optical
elements. The FOV and SSE related error are within usual boundsitdiorathermometry
and our camera is able to measure the temperature of relathelyrfiarge features.

Due to the singlkpixel nature of the camera, we find in section 4 below that it is possible
to reduce the SSE by means of simple optical bafflesehete the related temperature error
with further instrument optimisation.
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"
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Fig. 7. Mid-point cross sections of aperture images. Furnace temperature of 993 °C.
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Figure 8shows a FOV and SSE measurement for our sipigkd camera, with varying
target apdure diameters, with the furnace measuring a constant temperaturé 4 .98his
measurement was repeated at several differentatgles in both the-xand ydimensions,
up to the angleepeatability limits of the MEMS mirror. The camera FOV correspunto
90% energy was found at a FOV of approximately 60:1, which is larger than ®aybgs
theoretical modelling of the optics system. SSE leads to the measmeerature reading
high, as expected from analysisFid. 7.
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Fig. 8. FOV and SSE results at different singibeel camera scan angles ranging from its 0°,
0° origin position and its maximum scan angle for a 993 °C furnace. Measured tengperatur
shown as function of (a) target aperture diameter and (b) target aperture area.

A critical feature irthe design of the-theta lens system was that it should be able to scan
over as large a target area as possible without vignetting. For thisoorite be achieved,
there must be no reduction in signal due to the angle of the MEMS mittan wie opical
system, when imaging an optically uniform target. Sucheduction would lead to a
temperature measurement error. As can be seeig.i8for the FOV and SSE measurements
at various camera scan angles, once electronic noise is accounted for, tlees@yisficant
change in the measured temperature when the camera’s optics are testedriamugsfield
positions.Table 1shows the measured temperature for the 10 mm target aperture, using the
single-pixel camera in comparison with the calibratioference thermometer at the camera’s
various pixel locations within the scene. We estimatedrépeatability of our singlgixel
camera to be similar to that quoted for the reference thermometer and edlciiat
uncertainties using quadrature additioheTesult was a calculated measurement uncertainty
for the reference thermometer of + 1.7 °C and a measurement urtgddaiour singlepixel
camera of £ 1.8 °C. This result confirms the ability of the camera to aglyuna¢asure the
target temperature over a wide scene. With the full camera field utilisedibile to image a
target area of 350 mm in diameter using our current configuration withaarfeOV of + 30°
in both the x and ydimensions.

Table 1. Temperature measured by singkpixel camera at different scan angles for 10
mm target aperture in comparison with reference thermometer. Uncertainty with respect
to the Sl was calculated to be + 1.7 °C for reference thermometer and estimated to be +
1.8 °C for singlepixel camera.

Temperature measement (°C)

Scan angle (°) MEMS camera ITS-90 reference thermomete

0, 0 (origin) 994.2 993
0,-15 994.2 993
0,-30 993.7 993
-15,-0 993.7 993
-15,-15 994.1 993
-15,-30 993.3 993
-30,0 993.7 993

-30,-15 994.7 993
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The noise performance was analysed with the sipiglel camera set to its 0°, 0° origin
position, with results showm Fig. 9 The acquisition of measurements for this test fgake
over a 10 second period, with a 400 ps integration time hwhés consistent with the single
pixel imaging measurements above. Integration times of 10 pus and 4 ms arelatielint
Fig. 9 for comparison.
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Fig. 9. Singlepixel camera noise with target temperature at different integration levels.

A despn specification of + 0.5 °C between target temperatures of 600 and 7G0 °C i
typical for a 1 pm commercial radiation thermometer. It was found that a + 0.5 °C noise
specification for our singipixel camera could be achieved below a target temperat@0Oof
°C, with the 400 ps integration time. As indicated above, this is an importdatnpance
metric and demonstrates our system works well as a radidt@mometer, in addition to
producing thermal images. If the integration time were increased to,4thissnoise
specification could be achieved below 600 °C, though this would be at the expleas
longer image capture time. Alternatively, integration time caretaced to enable faster data
capture. For the image resolution demonstrated in this veorkntegration time of 10 ps
would lead to a total image capture time of approximately 164 qsating to a frame rate of
over 6 Hz. By way of illustration, for an integration time of 10 ps, the + 0.5 i€=ne
measured to be approximately 950 °C; 700 °C could be recorded at this high framithrate,
* 2 °C of electronic noise.

4. SSE instrument optimisation

The design of our singlpixel camera allowed a straightforward optimisation @f $ystem
for stray radiation. In order to reduce the instrun®8E, a 0.8 mm diameter glare stop was
originally positioned directly above the detector, h#sg in a SSE contribution to our
measurement of 9 °C. We replaced this apertureaviit6 mm diameter glare stop to attempt
to further reduce glare and reflasts. This was the minimum diameter that opticairesyng
suggested we could use without impinging upon the direct cone of lityhedre aperture stop
and detector. Such optimisation is impracticable with a FPA baseahdhcamera because
that would reqire the placement of a glare stop above each pixel. The MEMS mirror was
replaced with another unit, as a second step in the optimisation, witad®v was coated
with an antireflective (AR) coating centred within the waveléngange of the Si APD. FOV
ard SSE measurements were repeated for the suixgé camera with the new optimisation
at its 0°, 0° origin position, and comparedFiy. 10(a)against the previous, unoptimised,
configuration.
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Fig. 10. (a) FOV and SSE results at a 0°, 0° origin position before and after additional
optimisation and (b) mighoint cross sections of aperture images after further optimisation.
Furnace temperature of 993 °C.

There is a clear reduction in the SSE with the additiopémisation, which leads to a
reduction inthe SSE related temperature error. With this improved perform#ned;OV
corresponding to 90% energy is now approximately 75:1, therefore, becomingtoldse
design FOV. Imaging of various diameter target apertures was repeatkdheir cross
sectbns are shown ifrig. 10(b) If we now directly compare the peak readings of the 10 and
25 mm aperture measurements, the increase in measured temperature has reduced fr
approximately 9 °C to approximately 3 °C. This is a signifidgemprovement which shvas
how our singlepixel camera can be optimised in ways which are not possible with FPA
cameras. There is scope for further optimisation, potentially by AfRngpall lens surfaces,
to lower the SSE further, and to render the FOV closer tafthts degn.

5. Conclusion

In this work we have demonstrated a unique sHpgtel camera for ITS0 traceable
temperature measurements across a thermal image. To our knowledge, ttes fiist
demonstration of a singleixel camera that can make Sl unit traceable temperature
measurements of a stationary scene, with a sufficient FOV to prodefte msages. Using
our wideangle ftheta lens system, designed specifically for the applicatierpraduced 160

by 120 pixel resolution images with low SSE related &majure error. Operation of the
singlepixel camera at its widest scan angles produces images of 350 mm in diahater
distance of 300 mm, without introducing temperature measurement error dgméetting.
This combination of low SSE and absence ofjneiting enables quantitative spatial
temperature measurements with a low level of measurement uncertainty thatnebbiel
possible with a FPA based camera. The sipgtel camera accurately measured temperature
below 700 °C with better than £ 0.5 °Cis® uncertainty in the temperature measurement.
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