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ABSTRACT 

 

The field of Terahertz (THz) radiation, electromagnetic energy, between 0.3 to 3 THz, has seen 

intense interest recently, because it combines some of the best properties of IR along with those 

of RF. For example, THz radiation can penetrate fabrics with less attenuation than IR, while its 

short wavelength maintains comparable imaging capabilities. We discuss major challenges in the 

field: designing systems and applications which fully exploit the unique properties of THz 

radiation. To illustrate, we present our reflective, radar-inspired THz imaging system and results, 

centered on biomedical burn imaging and skin hydration, and discuss challenges and ongoing 

research. 
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INTRODUCTION 

 

Recently, there has been intense interest in the study of Terahertz (THz) radiation, 

electromagnetic energy in the range of 0.3 to 3 THz. This traditionally unexplored area of the 

EM spectrum, sandwiched between IR and RF, shares some key properties with both, as well 

mitigates some of the disadvantages found in those spectrums.  By exploiting these properties, 

the THz field holds promise for unique and revolutionary applications. In this paper, the 

engineering aspects of developing a THz imaging system for skin burns, a promising but not yet 

fully developed application, are presented.  

 

A key disadvantage associated with IR is scattering, which occurs due to several phenomena, but 

in particular, resonant scattering is induced by objects close to the wavelength of the impinging 

radiation. THz, in contrast, is at a longer wavelength over that of IR, extenuating the associated 

scattering. In previous work, we have shown that at THz frequencies, the attenuation of common 

fabrics can be more than 20 dB less than at IR frequencies. This can be explained in that the 

longer wavelength of THz radiation results in less scattering by the threads of clothing than that 

of IR. (Bjarnason, 2004).  Also, unlike x-rays that also can penetrate clothing, the non-ionizing 

photon energy of THz radiation allays safety concerns.  While its longer wavelength has the 
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advantage of reducing scattering, it is still short enough, ~ 0.5 mm, for high resolution imaging, 

in comparison to RF and mm-wave systems.  The associated THz wavelength is an example of 

the compromise between IR and RF.    

 

There are disadvantages shared with IR and RF that are not mitigated in the THz band.  Outside 

of absorption lines, water has a higher dielectric constant at THz frequencies than at IR owing 

simply to the lower frequency. This gives rise to significant attenuation in air over distances, as 

short as 10 cm.  But, this property can be exploited in reflective imaging, since the higher 

dielectric constant translates into a higher reflectivity, and therefore a high sensitivity to water 

and changes in concentration. Using simple models, the skin depth for water is around 75 µm at 

500 GHz, and 40 µm at 2 THz.  

 

These properties can be exploited for THz medical imaging. However, significant challenges 

remain before THz imaging can become mainstream. Rather than simply modifying established 

mm-wave or IR systems to THz, new architectures, applications, and paradigms must be 

developed to truly reap the benefits of this range of the EM spectrum, as well as the development 

of advanced devices (more powerful sources and more sensitive detectors). Our research group at 

UC Santa Barbara has developed an innovative, low complexity reflective THz imaging system, 

and in collaboration with the Center for Advanced Surgical and Interventional Technology 

(CASIT) at the UCLA School of Medicine, and we have undertaken studies in biomedical 

imaging. We present our results of this work, focused in the fields of skin hydration and burn 

imaging. Finally, we discuss our ongoing research and unsolved challenges in the field. 

 

SCANNING THZ IMAGING SYSTEM 

 

 
Figure 1: Photograph of system THz components 

 

Our research in THz systems has led to the creation of a versatile reflective, high speed THz 

imaging system. This system (Figure 1) is well suited for biomedical applications. This system 

operates with solid-state devices at room temperature, with a footprint of approximately 0.4 

square meters. The simple architecture of the system is depicted in Figure 2. 
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The source is a photoconductive switch (Figure 3), which is mounted to the backside of a silicon 

hyperhemisphere. The switch was designed and produced at UCSB on an erbium arsenide active 

layer, with a gold square-spiral antenna, with a total size of 500 by 50 µm. A DC bias of up to 

190 V is applied to the antenna.  The gap in the center of the antenna is excited by a pulse from a 

femtosecond laser, operating at 780 nm wavelength. This pulse causes a decrease in resistance 

and an increase in current, creating a broad pulse of electromagnetic energy, similar to a spark 

gap. Our switch is capable of producing an average power of 103 µW, with a peak power of 3.0 

W with a usable range of 100-800 GHz (Taylor, 2006).  

 

This silicon hyperhemisphere lens aids in the effective coupling of the THz radiation to 

freespace, which is then collimated and focused by two parabolic mirrors to a 1.8 mm diameter 

spot. The sample is translated under the spot by two high-speed screw-drive stages. The THz 

beam is then reflected off the sample and collected thru two similar parabolic mirrors, again the 

first collimates the beam and the second focuses the beam into the waveguide of a zero-bias 

Schottky detector diode. The detector has a center frequency of 500 GHz and a 3 dB bandwidth 

of 150 GHz, a video bandwidth of 10 GHz and an average responsivity of 950 V/W. 

 

 
Figure 2: System block diagram 

 

As in visible imaging, a broadband, incoherent source and detector is desired to reduce fringing 

and reflection-induced interference effects. The center frequency of the system was chosen as a 

compromise between imaging resolution, favored by the short wavelength at high frequencies, 

and available source power, increased at lower frequencies. The system operates in an 

atmospheric transmission window. Finally, water has a higher dielectric constant at lower 

frequencies, leading to higher absorption and therefore image contrast. 
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Figure 3: Photoconductive switch cross section and micrograph 

 

The receiver architecture is based upon a radar-inspired boxcar integrator architecture. The 

signal from the detector diode is amplified  by a wideband amplifier (40 dB gain, 10 GHz 

bandwidth) and fed to the RF port of a mixer. A photodiode samples the laser pulse, which is 

amplified and delayed to arrive at the mixer LO port synchronously with the RF pulse. The 

resulting DC signal is integrated and sampled by a digital multimeter at 60 Hz. The system 

achieves a 40 dB postdetection SNR and an overall speed of 1 pixel per second. This is a 

dramatic increase over existing time-domain systems, which require hours to produce a single 

image. Further, these systems require expensive, fragile, and bulky Ti:sapphire lasers, nonlinear 

optical crystals, and optical delay lines. 

 

THZ MEDICAL IMAGING 

 

In recent studies into THz medical imaging, time domain imaging systems have been used to 

image by transmission through biological tissues.  These studies have shown promise, including 

advantages previously described, such as high resolution, the ability to penetrate fabrics and the 

use of low energy non-ionizing radiation. These studies have suggested the imaging of skin 

abnormalities, burns, scars, wounds, and cancer (Siegel, 2004). Other studies have reported on 

THz imaging and spectroscopy of carcinoma, melanoma (Woodward, 2003), skin burns 

(Dougherty, 2007), inflammation, and scarring. 

 

While these studies have provided an insight into the possible applications of future THz 

imaging systems, none have provided sufficient data to conclusively evaluate the benefits of the 

technology. Biological samples naturally contain a high fraction of water. As previously 

discussed, water is highly reflective in the THz range, with penetration on the order of hundreds 

of microns. Therefore, transmissive systems require that biosamples be thinned and dried to 

allow the THz energy to penetrate. Not only is this impractical for in-vivo imaging, it destroys 

useful information provided by water concentration.  Therefore, reflective imaging systems are a 

natural fit for biological applications. These systems appear to be well suited for monitoring 

water concentration, such as when monitoring skin burns under bandages. Other applications 

include monitoring of skin disorders such as eczema and skin cancers. 

 

Water Sensitivity  

To help interpret images from the system, the water sensitivity of our imaging system was 

characterized by measuring the THz reflectivity of a piece of paper as it dried. The noise-
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equivalent water concentration difference (NEΔWC) was 0.054% by volume.  This is the change 

in water concentration produces the same output change as system noise, and therefore is the 

smallest detectable change in the sample. While this experiment was used in order to 

characterize the system, it also demonstrates the performance available for reflective, non-

contact process monitoring (Taylor, March 2008).  This result illustrates a fundamental strength 

of reflective THz imaging: an extremely high sensitivity to water concentration.  

 

Skin Hydration 

From the success of measuring small changes in water concentration, it was investigated if 

relative skin hydration levels were measureable and with what level of sensitivity.  Experiments 

were performed to detect the water concentration in biological samples.  The hydration levels of 

five samples of chicken skin were modified. Water concentration was increased using a 

phosphate buffered saline solution, while diluted ethyl alcohol reduced water levels. Owing to its 

structure, chicken skin is not an ideal surrogate for human skin. Nonetheless, it provided a 

medium rich in organic lipids and proteins seen in biological samples. 

 

The fully dehydrated samples showed a 3.2x decrease in THz reflectivity from the unprocessed 

sample, while the fully hyperhydrated samples exhibited a 2.7x increase in THz reflectivity over 

the unprocessed skin. This showed that low-level, bulk changes in water content of skin samples 

could be easily detected with our reflective THz system, in the same way that water 

concentration in paper was detected. This also provided further evidence that water concentration 

is the primary contrast mechanism in reflective THz biomedical imaging. Additionally, many 

medical conditions are associated with changes in skin hydration, such as basal cell carcinomas 

and melanomas, and skin disorders such as eczema (Suen, 2009). 

 

Skin Burn Imaging 

As previously discussed, the high water concentration sensitivity, ability to penetrate common 

fabrics, and lack of destructive sample preparation suggest skin burn imaging as a natural 

application. The ultimate vision for such a technology is the ability to monitor skin burns 

underneath dressings without disturbing the burn or the patient. Porcine (pig) skin samples were 

chosen, due to their similarity with human skin.  A UC Santa Barbara logo brand was made from 

brass and heated to 315° C and lightly pressed for 3 seconds on the skin. The resulting burn was 

imaged uncovered and under five and ten layers of gauze (Figures 4 and 5) 

 

 

 
       (a)                             (b) 

Figure 4: Visible images of (a) skin burn, and (b) mounted sample with gauze. 
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Figure 5: Terahertz images of (a) unburned skin, (b) burned skin, (c) burn under five and 

(d) ten layers of gauze. Lighter values represent higher THz reflectivity. 

 

The images show a clear burn region. While the thread is visible, the burns are still recognizable 

under ten layers of gauze. Also of note is the ring surrounding the UCSB burn, which does not 

correspond to visible burn damage. To our knowledge, this effect was first discovered in our 

research (Taylor, 2008), though the exact mechanism has yet to be determined.  

 

FUTURE THZ MEDICAL IMAGING 

 

These results give promise to a future clinical, in-vivo THz imaging and a path for future system 

developments. One major limitation of our current system is the need to translate the imaging 

target. While such movement is suitable for ex-vivo laboratory applications, it presents an 

impediment for clinical use. Based on the small footprint of our existing system, we have 

designed, constructed and are testing a next-generation system which integrates all the optical 

and THz components into a compact, lightweight moveable imaging head (Figure 6). This head 

is then translated in all three axes over the stationary target. The size of the head remains similar 

to the current THz source and shares its general architecture and layout. Major changes include 

the miniaturization of optical components and ensuring system performance will not be affected 

by the vibration, shock, and contamination present in a clinical setting. The entire head weighs 

3.5 kg and measures ~ 15 by 15 by 10 cm. The head is currently being tested by CASIT at 

UCLA and preliminary reports indicate system performance substantially unchanged from our 

previous design.  
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Figure 6: Imaging head under test 

A second active area of research is the design of a new receiver architecture. We are working 

towards a phase-sensitive receiver for the THz system. While the phase of the THz wave is 

destroyed by the diode detector, quadrature detection at baseband will differentiate between a 

delayed reflection and an attenuated signal, as well as detecting pulse dispersion. Compared to 

time-domain THz systems, phase detection at baseband eliminates the need for complicated laser 

optics and retains the high speed of our existing system. The extremely broadband (10 GHz) 

nature of the baseband signal poses a challenge. Our proposed architecture (Figure 7) upconverts 

the baseband pulses, before the lower sidebands are filtered. The gated signal is then integrated, 

and a DC value is digitized. A 90 degree LO shift provides an exact quadrature reference, 

eliminating the need for complex broadband matched filters. 

 

 
Figure 7: Quadrature receiver in development 
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Preliminary simulations suggest that this will be useful in imaging samples which are curved or 

differ significantly in height. The full breadth of applications, such as providing contrast between 

different materials and tissue types, is unknown and will require experimentation to determine. 

By coupling the designs of both the THz system and the RF receiver, we can utilize off-the-shelf 

components as well as maximize system SNR and therefore speed. 

 

 A long-term area of active research is the development of a THz focal plane detector array. Such 

an array would bring immense benefits to THz imaging. The ultimate detector would be a two-

dimensional array operating similarly to a visible CCD or IR bolometer array, which would 

quickly enable video-rate imaging without moving components. However, active research by 

multiple groups in this area has yet to produce a reasonable room-temperature array with useable 

sensitivity. An intermediate goal is a one-dimensional array. With an appropriate design, both the 

THz source and detector can be scanned across a target, much like a photocopier or some digital 

x-ray systems. This would also allow for faster, smaller THz imaging systems, and open up 

applications such as THz security imaging and routine clinical screening use of THz systems. 

 

CONCLUSION 

 

It is clear that along with its many challenges, there are many unique benefits when harnessing 

terahertz radiation. As it resides on the electromagnetic spectrum between the infrared and mm-

wave regions, it is not surprising that much of THz science requires the clever combination of 

RF and optical techniques, many of which have yet to be developed. There are clear benefits for 

THz radiation in its ability to penetrate clothing, provide high-resolution images, and explore a 

wide range of unique phenomena.  

 

In our future experimental work, we seek to image a wide range of skin abnormalities, and 

correlate water content measurements with THz reflectivity, towards an ultimate goal of in-vivo 

imaging of skin burns. We are continuing our development of innovative and unique imaging 

systems, geared towards speed and simplicity. In addition, there are a very wide range of 

applications yet to be explored and THz phenomena yet discovered. Beyond our experience with 

burns, we seek to study skin cancers in various stages to determine if THz imaging can be used 

as an early detection tool, and avoid unnecessary biopsies. We also are exploring dental imaging, 

as well as imaging of the cornea in order to detect disease. 

 

The challenges that face the field are the development of practical and novel systems, as well as 

work to fully understand the rich phenomenology in the THz region. Undoubtedly, as these 

challenges are solved and new applications arise, THz systems will become an integral part of 

sensing in the future. 
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