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ABSTRACT   

This paper discusses a practical and affordable approach to the accurate calibration of electronic beam-forming passive 
millimetre-wave imagers. With the aim of calibrating imagers with radiometric sensitivities ∆T < 1 K, we have 
constructed a thermal radiation source at ambient temperature that fills the imager field-of-view at close range and can 
support several controllable thermal radiation sources to provide absolute and differential radiation temperature 
standards. Using a variety of temperature sensors, which have been extensively cross-calibrated against each other and a 
commercially provided calibration standard that is accurate to < 0.1 K, we have achieved absolute and relative 
calibration temperature uncertainties of less than 0.25 K.    
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1. INTRODUCTION 
For the continued development of aperture synthesis passive millimetre-wave (PMMW) imagers1, it is necessary to 
develop methods for testing and calibrating them at the 0.1 K level of temperature discrimination. We are currently 
characterising PMMW imagers at 22.51 GHz, 93.71 GHz, and 183.31 GHz, and for this purpose a number of thermal 
radiation sources have been developed for use as extended sources, along with a temperature standard background 
against which to view the sources. We use a combination of Peltier plates and resistive heating elements for the variable 
sources, and while the temperature uniformity of the Peltier plates is acceptable and their temperature control has proven 
to be straightforward, the results for the heating element were less satisfactory. 

The use of thermal radiation sources to test radiometric sensitivities of the imagers providing that the system is well 
understood requires a detailed calibration process. Establishing accurate temperatures within the calibration system has 
required a variety of temperature sensors, which have been cross-checked against a commercially provided calibration 
standard that is accurate to < 0.1 K. 

This system has been entirely developed using components and materials that are either readily available 'off the shelf' or 
which can be easily worked to produce the desired performance. The end result has been a practical and affordable 
method by which to test PMMW imagers which is easy to replicate or extend. 

2. DESCRIPTION OF SYSTEM AND COMPONENTS 
2.1 Sensors used in calibration 

The calibration of this system has necessitated the use and calibration of a number of temperature sensors, the various 
attributes of which are summarised in table 1. The PT-100 Resistive Temperature Device (RTD) was calibrated at the 
point of sale and delivered with a certificate to confirm this and the details of this calibration to ± 0.09 K. An ice bath 
was also used to check the claimed precision of the RTD, and it has then been used as a standard against which to 
calibrate the remaining sensors. 

The infrared sensors were calibrated by taking measurements of a piece of millimetre-wave absorber at ambient 
temperature, the physical temperature of which was measured using the RTD. While this provides a good basis for 
testing the precision of the sensors, further tests using materials of known infra-red emissivities would be necessary to 
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determine the scale of any offsets. However, given the close agreement between the estimates of the physical 
temperature given by the infra-red sensors and the absolute physical temperature measured by the RTD it would seem 
more likely that any offsets are small. 

 
Table 1 Comparison of the different temperature sensors utilised in this project, with all precisions and offsets being absolute. 
Without access to materials with a known emissivity in the infra-red band, it is not possible to precisely determine the presence of 
an offset for the infra-red sensors. However, using likely estimates of the emissivity of current materials any offsets are likely to 
be < 0.25 K. 

Sensor PT-100 RTD needle 
probe 

K-type thermocouple RayTemp3 infra-red 
thermometer 

FLIR infra-red digital 
camera 

Manufacturer's 
quoted precision 

0.09 K (from 
calibration certificate) 

1 K (Industry 
standard) 

1 K unknown 

Calibrated 
precision 

<0.1 K ~ 0.1 K 0.15 K 0.25 K 

Offset None Temperature 
dependent, potentially 
large 

Needs further testing Needs further testing 

Comments Large thermal mass of 
probe results in long 
response time. 

Quick and easy to 
deploy, but drift and 
offset are a major 
problem 

Easy to use; assumes 
emissivity of 0.97; 
11:1 
distance:measured 
area ratio; appears to 
be affected by external 
temperature 

Can input emissivity 
estimate to program; 
long warm up time; 
visual representation 
of temperature 
distribution can be 
useful. 

 

2.2 Temperature standard background 

The temperature standard consists of two large (1 m x 2 m) plywood panels mounted one above the other to give a 
square (2 m x 2 m) viewable area. Five shelves are mounted at 400 mm increments onto which the sources can be 
placed. The panels are attached to a metal frame to give support, which also has castors to facilitate movement around 
the lab. For ease of storage, the background can be dismantled into four parts; 2 base segments with castors, and the 
upper and lower plywood panels. All surfaces that will be within the field-of-view of the imagers are covered with a 
layer of carbon-loaded polyurethane foam millimetre-wave absorber; in this case, Eccosorb AN-73.  

2.3 Thermal Radiation Sources 

Two sets of sources were developed with different purposes in mind. One is based around a series of simple resistive 
heating elements embedded in a silicone pad providing a 300 mm x 150 mm area to use as a source. The full area of this 
heatpad is covered in Eccosorb AN-73 to ensure that it acts as a thermal source in the millimetre region.  

The second sources use Peltier plates to heat Eccosorb AN-73, which then acts as a thermal source. Peltier plates are a 
type of thermoelectric heat pump, and can be viewed as operating like a thermocouple in reverse; when a voltage is 
applied across the junction of two metals a temperature difference is created as heat is pumped across the interface. It is 
often necessary to attach a heat sink to prevent a run away heating effect; with very efficient heat sinks it is possible to 
use the plates to cool surfaces as well as heat them. Unfortunately the plates are hard to find in large sizes, the largest 
readily available are around 50 mm x 50 mm, and hence this method can only be used for small sources.  

It was envisaged that the larger area of the heatpad would make it more suitable for use with the wider field of view of 
the 22.51 GHz imager, however since the delivery of this was delayed the Peltier plate sources have thus far proven the 
more useful. 
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3. CALIBRATION 
3.1 Temperature standard background 

The infra-red sensors were used to take a number of measurements of the radiometric temperature across the surface of 
the background. This data illustrated a high level of uniformity in the temperature distribution across the entire surface, 
with negligible deviations where pieces of Eccosorb AN-73 joined. 

3.2 Heatpad 

Due to the delay in the delivery of the 22.51 GHz imager, only brief experiments were conducted on the heatpad to 
gauge its effectiveness as a stable thermal source with a uniform temperature distribution within the proposed operating 
range of ~ 10 K above ambient. 20 V was applied across the heatpad, and the thermocouples and infra-red sensors were 
used to measure both the time taken for the surface temperature to equilibrate, and the uniformity of the temperature 
distribution. Figure 2 displays the temperature distribution across the heatpad after 20 minutes. 

The average temperature for the Eccosorb AN-73 in this experiment was 40.8 oC, however the infra-red images exposed 
significant deviations in the uniformity of the temperature distribution of up to 2 K. This is most likely due to variations 
in local heat transport between the heating elements and the heatpad, and so a suitable replacement thermal source must 
be found before the 22.51 GHz imager requires calibration. 

 
Fig. 2 A screenshot of the ThermaCam Researcher 2000 software bundled with the infra-red camera, displaying the heatpad 
covered in a layer of Eccosorb AN-73, 20 minutes after a voltage of 20 V was first applied across it. A temperature profile of the 
Eccosorb AN-73 is provided below the infra-red image by the software, which corresponds to the LI01 line in the upper-left 
image. 

3.3 Peltier plates 

Initial experiments with the Peltier plates to reach a stable sub-ambient temperature failed due to the poor thermal 
management. It was decided therefore to concentrate on reaching a stable temperature approximately 10 K above 
ambient, using the RTD and infra-red sensors to measure both the absolute physical temperature of the Eccosorb AN-73 
and its radiometric surface temperature in the infra-red band. 

Proc. of SPIE Vol. 7837  78370N-3

Downloaded from SPIE Digital Library on 02 Feb 2012 to 130.88.237.136. Terms of Use:  http://spiedl.org/terms



 

 

 
Fig. 3 A graph of the mean equilibrated absolute physical temperature of the Eccosorb on the Peltier plates for a variety of applied 
voltages across the Peltier plates. The fit lines have been produced using the least square fit method, and the error bars due to the 
accuracy of the RTD have been removed as they are smaller than the points themselves. 

Figure 3 illustrates the linear relationship between the applied voltage and the equilibrated temperature of the Eccosorb 
AN-73 on each of the Peltier plates. There is a clear divergence in temperature between the Peltier plates with increased 
applied voltage. This can be attributed to the difference in thermal transport properties between the Peltier plates and 
Eccosorb AN-73, as well as the manufacturing standard of the Peltier plates. Conveniently, at ~ 10 K above ambient 
temperature the absolute physical temperature difference between the two Peltier plates for the same voltage was 1 ± 0.2 
K, which is on the limit of the proposed temperature discrimination required. The infra-red measurements illustrate a 
high level of uniformity for the temperature distribution across the surface of the Eccosorb AN-73 of < 0.2 K, with 
deviations at the very edges due to the difference in sizes between the Peltier plates and the smaller heat sinks (see infra-
red images in figure 4). However, due to the small area of these deviations in the infra-red images compared to the lower 
resolution of the PMMW imagers, they will have a negligible effect. 

3.4 Emissivity calculations 

Using the equipment available it was only possible to calculate the emissivity of Eccosorb AN-73 in the infra-red band 
(εIR). As Eccosorb AN-73 is designed to be a millimetre wave absorber, it can be assumed that the emissivity in the 
millimetre band (εMM) will be greater than that in the infra-red band. Because of this, εIR is used as a lower boundary for 
εMM, and can be calculated by eq. (1) where TRAD-IR is the radiometric temperature in the infra-red band and TPHYS is the 
absolute physical temperature.  

PHYSIRIRRAD TT ×=− ε       (1) 

The measurements taken by the infra-red sensors gave the absolute physical temperature of an object (TIR-SENSOR) 
assuming the object had εIR = 0.97. From this, TRAD-IR can be calculated using 

         SENSORIRIRRAD TT −− ×= 97.0      (2) 

The RTD, due to its high accuracy, can be said to measure the absolute physical temperature precisely (TRTD), and so can 
be equated to TPHYS

. By substituting this into eq. (1), equating with eq. (2), and rearranging gives 
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RTD

SENSORIR
IR T

T −×
=

97.0
ε       (3) 

By taking a weighted average of the data recorded with the Eccosorb attached to the Peltier plates, the infra-red 
emissivity of Eccosorb AN-73 was found to be εIR = 0.96, rounded to two significant figures for practical purposes. 
While calculating a precise value for εMM is important for absolute physical temperature measurements with a PMMW 
imager, the relative temperature measurements that this calibration system will be used for at the present time means that 
the change in emissivity is negligible. 

 
Fig. 4 Images of the two Peltier plates upon the calibration scene, with images on the left corresponding to the left Peltier plate 
being at 52 oC, and vice versa. From top to bottom: two plots showing the real part of the image created by the image processing 
software1; two 2D plots of the image obtained by the PMMW imager using greyscale colours to denote temperature (white being 
the hottest) and a photograph of the experimental setup in the centre; two infra-red images of the calibration system clearly 
showing the difference in temperature between the two Peltier plates. 
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3.5 Calibration system 

To ensure the system could achieve ∆T < 1 K without any unexpected behaviour, the two Peltier plates were placed 
adjacent to each other upon the calibration scene, and 1.6 V was applied across each of them. The equilibrated 
temperature for the Eccosorb was ~ 34 ºC, with ∆T = 0.9 ± 0.21 K between the two pieces of Eccosorb. This uncertainty 
can be reduced by further work to improve upon the heat diffusion of the Peltier plates and heat sinks. 

Once the 93.71 GHz imager was assembled, it was possible to attempt to produce an image of the two Peltier plates. As 
initial tests had highlighted problems using a far field algorithm to produce near field images (See reference [1]), it was 
decided to maximize the temperature difference between the two Peltier plates, as well as to add a noise source into the 
image that would reduce the effect of low level residual noise between imager channels, and could later be removed 
during image processing. The Peltier plates were heated to 52 oC and 22 oC, and the system was integrated for 10s. The 
Peltier plates were then swapped around and the experiment was repeated. Figure 4 provides an overview of the images 
obtained in various wave bands. 

Figure 4 demonstrates that the 93.71 GHz imager can resolve the calibration system, albeit only when a significant 
temperature difference is provided at the present. The artefacts that appear in the millimetre images could be attributed to 
the use of a far-field beam-forming algorithm for an image in the near-field. For more information, see reference [1]. 

4. CONCLUSIONS 
This work has resulted in a calibrated system comprising of a temperature standard scene with minimal temperature 
deviations, and a number of extended thermal sources whose characteristics are well understood. For the PMMW 
imagers that have been assembled, Peltier plates with Eccosorb AN-73 attached have been chosen as the preferred 
thermal sources, and a lower boundary for the emissivity in the millimetre band for the Eccosorb has been calculated to 
be 0.96. This project has obtained a relative temperature difference of 0.9 ± 0.21 K between the thermal sources, which 
is within requirements for the detection of non-metallic objects in security screening, and smaller temperature 
differences could be achieved with further work into the thermal management of the sources. The thermal sources have 
been resolved by the 93.71 GHz imager, albeit at a higher relative temperature difference of 30 K. This work has added 
to the wider project of testing and characterising the imaging systems, as well as developing an inexpensive method for 
calibration in an emerging field where technology remains otherwise expensive. 
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