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Abstract 

 
 This paper presents the design and measurement of a broadband calibrated emitter for the millimeter-
wave/terahertz frequency range, called the Aqueous Blackbody Calibration source.  Liquid water is utilized for the 
blackbody, and constrained to an optical trap geometry by a custom expanded polystyrene container.  In this 
frequency range, water is extremely absorptive and expanded polystyrene is nearly transparent; the optical-trap 
geometry ensures that that two TE and two TM 45° reflections occur from the water interface for radiation incident 
within the cone of acceptance.  Theoretical calculations & measured results show an effective emissivity > 98.5 % 
over the operating band. 
 

1. Introduction 
 
 In the millimeter-wave through terahertz frequency range, the lack of mature metrology techniques and 
infrastructure, combined with the current interest in technology development [1-3] stimulate desire for a calibrated 
blackbody source.  With such a source, accurate measurements of important figures of merit, such as noise-
equivalent power (NEP) and noise-equivalent temperature difference (NETD) are enabled.  Examples of 
applications requiring standardized techniques and hardware include millimeter-wave remove sensing and 
millimeter-wave/terahertz detector arrays for personnel security scanning.  The blackbody calibration source 
described here has been developed with the needs of a particular passive millimeter-wave detector program [4], but 
the resulting device is germane for laboratory-based calibration and measurement needs from 100 GHz to 1 THz. 
 
 A blackbody source must be highly absorptive and its physical temperature must be accurately known.  The 
most commonly used emitter in this frequency range is commercial millimeter-wave anechoic foam in a bath of 
liquid nitrogen.  While this is a reasonable emitter in terms of high contrast from room-temperature objects, its 
actual radiometric temperature is dependent upon a large number of usually uncontrolled environmental variables.  
The foam does not remain at 77 K after removed from the liquid nitrogen bath, and formation of ice on the surface 
of foam or container (due to condensation) effectively eliminates the desirable emissivity properties of the foam.  
Heating these foams is also undesirable, as they are poor thermal conductors and as such do not remain isothermal.  
Temperature gradients of more than 1 K have been measured with infrared photography [5].  In addition, the foams 
are relatively combustible.  A bath of water, on the other hand, has easily-maintained isothermality, and is extremely 
lossy at these frequencies.  Unfortunately, the high dielectric constant of water indicates a high reflectance, so a 
simple water bath suffers from many of the same basic faults as a bath of liquid nitrogen containing anechoic foam. 
 
 A plethora of application-specific calibration devices exist in the infrared, optical, and portions of the 
millimeter-wave spectra.  These are typically too customized to trivially enable measurement of an arbitrary detector 
in an equally arbitrary experimental setup. However, the metrology infrastructure and theory in the infrared and 
optical radiometry sectors is extremely well-developed and comprehensive [6], and large portions of it can be 
adapted to the millimeter-wave and terahertz frequency range.  The Aqueous Blackbody Calibration source, 
nicknamed the “ABC source”, represents our endeavor to bring similarly systematic, traceable techniques and 
hardware to this frequency range.  With the output of the ABC source, i.e., an absolutely-calibrated power spectral 
density, many possibilities are enabled, including measurement of responsivity and NETD of detectors and detector  
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arrays, an absolutely calibrated power source (when combined with a band-pass filter [7-8]), and ultra-wideband 
device measurement. 

2. Principle of Operation 
 
 The so-called “optical trap” concept that the ABC source design was inspired by was initiated by Fox [9] and 
Gardner [10], and evolved by Lehman and Cromer [11-12].  An optical trap is a component designed such that the 
power from consecutive specular reflections of incident light is collected and measured.  The ABC source geometry 
differs from the visible/infrared optical traps only in that the detector and mirror surfaces from the previous 
incantations are replaced by liquid water.  Utilizing reciprocity, the ABC source can be considered as either an 
absorber or an emitter of millimeter-wave/terahertz radiation.  A simplified view of the geometry and a rendering of 
the final ABC source is shown in Figure 1.  In the geometric optics limit assuming a ray normally incident on the 
center of the aperture, and assuming the container material, expanded polystyrene (EPS), transparent [13], radiation 
incident on the ABC source aperture first encounters a water surface at 45°.  ( )wR−1  of the initial radiation is 

absorbed, and of it is reflected towards the second surface.  Again, wR ( )wR−1  is absorbed, and  is reflected.  

This process is repeated two more times, until  of the initial incident radiation finally exits the entrance aperture.  
The first two absorption/reflections are depicted in Figure 1 (left).  The first two water reflections are followed by a 
reflection from a mirror, and then the same two water surfaces are encountered in reverse order.  With an 
approximate reflectance from water at 45° in W-band of 0.4, the back-of-the-envelope calculation estimates that the 
ABC source emissivity will be at least 97.4% in W-band, and will increase with frequency (as reflectance 
decreases).  The realization of the ABC source in EPS is shown in Figure 1 (right).  The water cavity volume is 
approximately 21 liters, the entrance aperture is 20 cm square, and the total size is 53 cm x 27 cm x 50 cm.  A 
commercial immersion circulator is placed in the water bath to simultaneously heat and mix the water.  Water 
temperature stability has been measured throughout the volume of the ABC source and is found to be within the 
error from the platinum resistance thermometers used (20 mK).  The EPS used has a density of approximately 
54 g/L, and a pre-expansion bead size of < 0.5 mm.  This is quite similar to the material used in everyday, common 
hot beverage containers, with the notable difference that the walls of the ABC source are approximately 1 cm thick. 

wR
4
wR

 

             

Water cavity 

Figure 1: (left) A simplified trimetric sketch of the basic principle of the four-bounce optical trap. The aperture is 
highlighted in red, and for the purpose of explanation, rays are centered in and normal to the aperture.  The dark 
(blue) planes represent water, and the light (gray) plane indicates a mirror.  (right) A rendering of the realized ABC 
source in EPS.  The shaded red plane is the aperture, and the same ray path as in the simplified sketch is outlined. 
 
 The materials used in the ABC source are unsurprisingly non-ideal.  The fundamental non-idealities include 
EPS that is less transmissive than nominal at high frequencies (finite absorption, ), water that is more reflective 
than nominal at low frequencies [14] (that additionally varies as a function of temperature [15]), and finite mirror 
absorbance  due to non-infinite conductivity.  The radiometric performance of the ABC source can be calculated 
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by assigning vectors (functions of frequency) to the variables , , and .  Plots of calculated water 
reflectance and measured EPS transmittance are shown in Figure 2 (top left and right).  For a good conductor, 
i.e.

wR eA mA

( ) 12 >>ωεσ , ( ) 21
0m f42A σεπ≈ .  The ambient temperature  and water temperature  are constant 

as a function of frequency, and the difference between  and the actual radiometric temperature  is the critical 
figure of merit in the ABC source.  Given these parameters, performance as a function of frequency can be 
calculated, in the limit of geometric optics and centered, normal rays.  Other non-idealities, such as diffraction, off-
normal or off-center incidence rays, bowed water surfaces, and finite roughness water are not considered in this 
paper.  Their contributions reduce the so-called cone of acceptance, i.e., the range of angles and positions for which 
the ABC source retains its predicted performance.  Algebra is performed to account for each EPS surface, water 
reflection, and mirror reflection, solving for 

0T wT

rTwT

( )wr TT −  as a function of  and .  Figure 2 (bottom) shows the 
calculated performance as a function of frequency.  Performance is limited at low frequencies by increasing water 
reflectance, and at high frequencies by low EPS transmissivity.  
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Figure 2: (top left) Calculated reflectance from water as a function of frequency, polarization, and temperature, at 
an incidence angle of 45 degrees.  (top right) Measured transmission of EPS from W-band to 1.1 THz.  (bottom) 
Calculated performance as a function of frequency.  Temperature difference below 400 GHz is due to high water 
reflection, and above 400 GHz due to decreasing EPS transmissivity.   
 

3. Measurements 
 

 Reflectivity was measured between 75 GHz and 260 GHz using a Gunn diode source.  A collimated beam 
was directed into the aperture, close to centered and normal, and the reflected beam was mapped via raster-scanning 
a detector over the aperture.  This was performed for two cases, the first with mirrors as reflective surfaces instead 



of water, and then with water in the ABC source.  When the full reflected beam is integrated for both cases, simple 
division of the two total reflected powers provides an effective reflectance, or the complement of emissivity.  In W-
band, the reflectance is between 0.75% and 1.21%, and at 260 GHz reflectance is immeasurable, with a statistical 
upper bound of 0.15%. 

 
4. Summary 

 
 We have successfully demonstrated a broadband, large-area, blackbody calibration source, with predictable 
performance over its frequency band, 100 GHz to 1.2 THz.  Measured reflectivity agrees with calculated emissivity, 
and is limited at low frequencies by high water reflectance and at high frequencies by low EPS transmissivity.  
Future versions of the ABC source will incorporate smaller dimensions, thinner, less-dense EPS, and lower water 
volume. These changes will increase performance at high frequencies, extending the range of this source. The ABC 
source is easily fabricated, inexpensive, reproducible and scalable.  Future work includes more advanced 
characterization of the second-order effects such as finite EPS roughness and loss (scattering vs. absorption).  The 
authors acknowledge the support of the DARPA Microsystems Technology Office, and NSF interdisciplinary award 
#0501578. 
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