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Abstract

In this paper we analyse the trade-offs for a terahertz imaging system and discuss implementation of a terahertz micro antenna array for
imaging. We also describe applications of terahertz imaging and improvements in the signal proc26i0@ Elsevier Science Ltd. All
rights reserved.
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1. Introduction ary of electronics (millimetre waves) and photonics (the
infrared). The terahertz spectrum encompasses the wave-
The rapidly developing field of terahertz (or T-ray) lengths running from 3 mm to 1am [9], which overlaps
imaging promises to provide a non-invasive method of iden- with the far infrared (20 mm to 5@m [10]). The terahertz
tifying the composition of various objects. Biomedical diag- frequency band has remained less utilised and developed
nostics, semiconductor device diagnostics, trace gasthan the adjacent fields of the mid-infrared or millimetre
analysis, moisture analysis for agriculture, quality control waves. The rarity of terahertz radiation technologies can
of packaged goods, inspection of artwork, inter-satellite be largely explained by the lack of good radiative sources
communications and tissue burn reflectometry are amongand recent research has been driven by the development of
a growing number of potential terahertz applications [1- new terahertz sources. One of the limits of terahertz in
4]. To realise this potential, further development of terahertz imaging is the resolution, which is 0.3 mm for a frequency

systems is needed. of 1 THz. This can be improved by operating at higher
In our set-up, picosecond pulses of terahertz radiation arefrequencies or by working in the optical near field [11].
produced viaoptical rectification using a GaAs crystal. A Terahertz radiation interacts strongly with polar mole-

coherent detection method is used, whereby both amplitudecules, a prime example being water. Water molecules
and phase of the terahertz beam are measured, providing ambsorb terahertz waves, on the one hand limiting penetration
exact terahertz signature of the material under observationof the radiation in moist substances, and on the other hand
[1]. Current terahertz systems remain too slow for many making it readily detectable even in very low concentrations.
real-time applications and the need for high speed image It can be used for detecting low concentrations of polar gases,
processing is evident [5-7]. We discuss enhanced proces-conceivably for pollution control. However, terahertz radia-
sing based on wavelet transforms, which are computation-tion will penetrate non-polar substances such as fats, card-
ally inexpensive for pulsed waveforms [8]. board, cloth and plastic with little attenuation.

Molecules have dense and distinctive absorption spectra
in the far infrared, which leads to an interest in terahertz
spectroscopy [12—-16]. Recent terahertz spectroscopy has
made use of terahertz pulse emitters. The broad Fourier
spectrum in a pulsed waveform enables many spectral
* Corresponding author. Tel.:+ 61-8-8303-5277; fax:+ 61-8-8303- lines to be discerned SImuna}neOUSly' In prlr.1C|p'Ie, LIS possi-
4360. ble to calculate the absorption and refractive index spectra

E-mail addressspmickan@eleceng.adelaide.edu.au (S. Mickan). of a transmitted or reflected pulse and thus determine the

2. Properties of far infrared radiation

As shown in Fig. 1, terahertz radiation lies on the bound-
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Fig. 1. Terahertz lies between gigahertz radio frequencies and mid-infrared light on the electromagnetic spectrum.

molecules that are present in the terahertz beam path. Inranges, either pulsed or continuous wave (cw), with varying
practice, the attenuation is often too severe for a signal to degrees of success.

be transmitted, meaning only thin samples or surface mole-
cules can be analysed. To understand the current limitations )
of terahertz radiation, it is necessary to consider the detec-3-1- Photonic sources

tors and emitters that are available. The first difficulty in creating a terahertz source is finding
a suitable radiative transition, because rotational and vibra-
3. Terahertz emitters and detectors tional energy levels of large molecules are difficult to use in

a laser [17]. Terahertz lasers have been built with a p-

The following section describes methods used to generateGermanium oscillator, but these are unsatisfactory since
terahertz radiation, including lasers, non-linear optics and they offer no cw operation and operate only at 2 K [18].
electronics. These produce radiation of different wavelength Current research focuses on photomixing [19,20] and on
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Fig. 2. State-of-the-art results for electronic sources of terahertz [29]. This plot shows that even the best electronic devices are limitchersub-t
frequencies and low powers. The devices include resonant-tunnelling diodes (RTDs), a superlattice electronic device (SLED), impact aualatiofe tra
(IMPATT) diodes and a frequency doubling Gunn diode. The efficiency of each device is shown in brackets.
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Fig. 3. Pump-probe detection: Gated detection with an ultrafast laser pulse.

transitions in semiconductor materials, using quantum wells radiation at room temperatures is strong at terahertz
[21-25], quantum dots [26], superlattices [27] and unipolar frequencies. This can be overcome by using a helium-
lasers [28]. Lastly, the free-electron laser (FEL) is capable cooled bolometer, which is desensitised to ambient tempera-
of emitting in the far infrared, but current requirements for ture and registers only the heating effect of the terahertz
terahertz do not justify the complexity and expense of a FEL radiation. The bolometer is an incoherent detector, register-

except for experimental use. ing only incident amplitude. Using pump—probeconfig-
. uration, on the other hand, allows for a far greater sensitivity
3.2. Electronics sources and full coherent signal acquisition [30]. The pump—probe

, ) technique is used in pulsed terahertz systems, which include
_The frequency of electronic sources has increased st€ay,ogq hased ophotoconductive antennae, optical rectifica-
dily for many years, from MHz to the GHz regime. Current i, emitters and electro-optic detectors. These techniques
research centres on applications of electronic local oscilla- are described below. The pump—probe set-up shown in Fig.
tors fqr te_rahe_rtz radio astronomy, remote se_nsing, atm0-3 demonstrates how two ultrafast pulses can be delayed
spheric imaging and ultra broadband intersatellite o \atve to each other in time. The gated detector operates
communication [29]. However, state-of-the art ultrafast only when illuminated by the probe pulse. The time resolu-

Electronlc s?urgeshrema|n limited tc.)".frequenmes in the 4, depends on the duration of the laser pulse and the cut-
undreds of gigahertz and sub-milliwatt powers. For off speed of the detector.

imaging purposes, this would severely limit both resolution
and penetration depth. Fig. 2 shows the output power and
operating frequency characteristics of the most promising

high-speed electronic devices. Although these devices are 1o photoconductive dipole antenna (PDA) was first
suited_ to low power continuogs-wave operation, other tech- described, in the early 1980s, by Auston et al. [31] and
_nologles are required fqr h'gh_ sp_eed, room-temperature rapidly grew in popularity among high-speed laser research
imaging and spectroscopic applications. groups around the world. The PDA is typically a dipole
antenna drawn on a semiconductor substrate, which radiates
when a laser pulse enables a photocurrent pulse to flow
across the biased semiconductor gap [32]. Although simple
to construct, a PDA requires an ultrafast laser to activate,
and femtosecond lasers are expensive. On the other hand,
femtosecond gating enables the use of PDA detectors in

3.4. All optical generation and detection

3.3. Detection

Detecting terahertz signals is difficult because blackbody

probe beam
the high-resolution pump—probe configuration. The PDA
is activated by ultrashort laser pulses and emits tera-
photoconductive dipole antenna hertz pulses of picosecond duration. PDA emitters can
(detector) . have high powers, although they are limited by the
\ maximum surface current flow. The energy radiated

from a PDA depends both on the energy of the laser
pulse and the bias that powers the current cascade.
PDAs can also be used for detection, as shown in Fig. 4.
‘\/\2— The main problem with PDAs is their bandwidth limitation.
The bandwidth of PDA detection has a high frequency

Fig. 4. Terahertz detection set-up using a photoconductive dipole antennalimit determined by the speed of the photocurrent
(PDA). response [33]. The resolution of terahertz pulse radiation

terahertz — |

pump beam
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4. Applications of terahertz pulses

Analyser Far infrared radiation is rarely produced at really high
{ powers and is thus considered primarily for observation
rather than physical manipulation. Observation with tera-
hertz has involved spectroscopy, range finding, tomography
(efo crystal) and microscopy. Terahertz spectroscopy is valuable for
distinguishing molecules and studying intermolecular inter-
actions, while tomography relates to imaging through
successive layers of a material. Microscopy with terahertz
PROBE is realised by working in the near-field terahertz radiation
pattern, thus overcoming the far-field wavelength limitation
on resolution.

Polyethelene lens

(e/o crystal) Polariser

Fig. 5. Terahertz pump—fs probe system with crossed polarisers (electro-
optic sampling) [62].

) ) ) 4.1. Spectroscopy
is poor at low terahertz frequencies; PDAs emit over a

spectral range from about 100 GHz to 1 THz, peaking at As in any spectroscopic system, terahertz spectroscopy is
about 500 GHz. For pulsed terahertz applications, the based on observing changes in the terahertz spectrum after
PDA is powerful and sensitive, but lacks a short wavelength transmission through or reflection from a material. The most
for higher resolution. common terahertz spectroscopy system is terahertz time-
The other primary pulsed terahertz technique isfthe- domain spectroscopy (THz-TDS) [7]. THz-TDS relies on
space electro-optic samplingSEOS) method, a technique PDA detection and emission technology. In its most simplis-
based on emission by optical rectification and detection by tic form, the Fourier spectrum of a free-space terahertz pulse
electro-optic sampling [34]. Optical rectification is a process is first characterised, then compared to the spectrum of a
first observed in the 1960s that describes how a pulse atpulse that has passed through some sample. The difference
optical frequencies can be down-shifted by degeneratebetween the two spectra reveals the sample’s molecular
difference frequency generation inside a non-linear crystal absorption lines. THz-TDS has been used to measure the
[35]. In FSEOS, an ultrafast pulse with 800 nm centre wave- refractive index of dielectrics [39], thin films [13], semicon-
length is directed into a non-linear crystal, which subse- ductors [40], liquids and superconductors. It has also
guently emits a pulse with terahertz centre frequency. In featured in studying the dielectric properties of polar liquids
contrast to PDA emission, the power of the terahertz pulse [41], in recognising gases and gas mixtures [42], in obser-
is derived entirely from the incident laser pulse, so FSEOS ving the rotational absorption spectra of hot water vapour in
typically has lower power. For example, the most efficient flames [43] and in classifying terahertz material parameters
dipole configuration emits an average of®/ of terahertz [11]. Spectroscopy in the far infrared is particularly inter-
for 20 mW of excitation [36], whereas only 30 nW is typi- esting because one can study the dynamics of chemical
cally generated from 175 mW of excitation with optical reactions, which is very important in understanding how
rectification [37]. The advantage of FSEOS lies in its band- chemical and biological systems operate and interact [44].
width, which is limited not by the speed of the photocurrent ~ THz-TDS is advantageous because a wide spectral range
pulse as in a PDA, but by the non-linear characteristics of can be probed with the one pulse, so there is no need for
the emitter crystal [32]. Terahertz pulses with wavelengths frequency sweeping as in a cw system. FSEOS has a broader
extending down to fum have been generated [37]. The bandwidth and operates at shorter wavelengths. This may be
higher frequencies of emitted terahertz in FSEOS are important for discerning particular spectral lines at frequen-
detected using electro-optic sampling, a technique reliant cies higher than 1 THz.
on the electro-optic, or Pockels effect [38]. This detection  An important variation on transmission spectroscopy is
scheme is shown in Fig. 5. Electro-optic sampling operates reflection spectroscopy. Both techniques are very similar,
by writing the terahertz waveform into the polarisation of an however there are two important differences to note. The
electro-optic crystal and then reading it with a second first relates to penetration depth, because terahertz radiation
femtosecond pulse, that is, the probe pulse in a typical is easily blocked by large amounts of material, especially if
pump—probe configuration. The electro-optic effect is extre- it contains water. Femto-joule terahertz pulses of 0.3—
mely fast but very weak compared to photoconductive 2.7 THz are blocked by three millimeters of moist dermal
sampling. An electro-optic crystal can be used to detect tissue [9]. The second important point of reflection spectro-
up to 50 THz [37], but the signal becomes increasingly scopy is consideration of the phase. Unlike the transmission
disguised by background laser noise [33]. FSEOS benefitsgeometry, the path length will change depending on the
from the temporal resolution and coherent detection of the placement of the sample, so phase information has to be
pump—probe method, and its lack of power is offset by its referenced to a known surface or a carefully measured
improved resolution. distance.
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Fig. 6. Two terahertz pulse waveforms after transmission through an Australian $50 plastic note. The solid line is through the lettering ($50}tedditre
is through the surrounding plastic. The dashed line shows the difference between the two waveforms.

profiles of large objects can be characterised using scale
models and terahertz pulses [45]. Tomography is a similar

Two obvious modalities for pulsed radiation are ranging application, looking at the flight time of pulse reflections
and tomography, both of which rely on a reflective geome- from subsequent boundaries inside an object. Thus the inter-
try. The basic elements of ranging involve measuring the nal structure of, for example, a computer floppy disc can be
time of flight of the terahertz pulses and thus calculating the observed non-invasively [6]. In a second step, tomography
distance and shape of objects. For example, the radarcould be combined with spectroscopic analysis to reveal the

4.2. Ranging and tomography

5 10 15 20 25 30 35 40 45

Fig. 7. Terahertz transmission image of an Australian $100 bank note. The terahertz absorption of the ink used to write the numeral is greatéitiiean that

surrounding plastic, so the digits appear darker.
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Fig. 8. The same bank note at in Fig. 7, but inside a paper envelope. The numeral still appears because paper has little effect on terahertz radiation.

structure and composition of certain objects. This requires 5.1. Scanning imaging

intensive signal processing to deal with large amounts of ] ] )
data efficiently. Terahertz images can be created by scanning an object

pixel by pixel, as in Figs. 6 and 7 [48]. Fig. 7 shows part of
an Australian banknote where the ink of the numeral ‘100’
4.3. Microscopy absorbs terahertz radiation more than the surrounding plas-
tic. Fig. 8 shows the same banknote inside an envelope.
Near-field terahertz microscopy first developed from a Covering the banknote with a paper envelope does not
desire for better resolution, and can be used to demonstrateblock the terahertz radiation, as it would visible light, thus
some important properties of light and ultrafast phenomenathe numeral remains visible.
[46]. Near-field microscopy has enabled imaging at spatial A typical terahertz imaging system requires three
resolutions better than the diffraction limit, down to a quar- motorised stages; two for xy scanning the sample in the
ter wavelength [47]. The near field is created with a tapered terahertz beam and the third for the pump—probe delay.
near-field tip, similar to those of scanning optical micro- For full spectroscopic information at each pixel, the delay
scopes. The tip is held in contact with the sample and stage must scan for each pixel, which is slow. An alternative
scanned in two dimensions to generate images. is to choose a delay that corresponds to a pulse peak and
take an image of the terahertz amplitude transmitted at that
delay. However, this second method discards useful infor-
mation about the distortion of the pulse and is prone to
errors; it is insensitive to large phase shifts and laser jitter.
Imaging in the far infrared was a natural extension of Cléarly, an ideal terahertz image would contain not only
spectroscopic analysis and initially involved building up a @mplitude attenuation information, but also a complete
two-dimensional image from an array of spectroscopic SPectroscopic analysis at terahertz fr_e_quenmes, thus
measurements [48]. Terahertz imaging has been performecenabling different materials to be classified across the
using both PDAs and FSEOS by a number of groups and hassample. This requires burdensome_3|gnal processing and is
also been implemented with a CCD camera, which obviates Ve"Y Slow, but not intractable and is a target area for our
scanning the sample between pixel [1,4,49]. The aim is to research.
speed up acquisition of a terahertz image so real-time
processes can be observed. The future of terahertz imaging; 2. parallel processing: CCD camera
lies with inexpensive, robust systems that produce images
swiftly and efficiently. The slowness of two-dimensional imaging can be avoided

5. Terahertz pulse imaging



S. Mickan et al. / Microelectronics Journal 31 (2000) 503-514 509

THz beam

analyzer

int;rlisii:le polarizer
h readout beam “ &
...  THzimages of insects e

an ant

THe s

; a worm ‘—] a ladybug Computer
LUl

b | L2

i :
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by using an imaging array, rather than mechanically scan-than a CCD based on electro-optic detection, and laser
ning each pixel individually. With electro-optic sampling, noise dominates an electro-optic system [33]. Fig. 10
it is easy to replace the balanced photodiodes with a CCD shows an array of PDAs, each typically sized between five
camera and image the entire terahertz radiation plane [4].and 50u.m, depending on the desired emission characteris-
There is, however, a trade-off between the signal-to-noise tics [50]. Such structures would be easy to implement using
ratio and the size of the area being imaged, since theexisting lithographic technology. The resolution of an image
energy of the pulse is being spread over an array of detected by an array of these dimensions would be limited
detectors. Fig. 9 shows a system for terahertz imaging by the far-field wavelength of the radiation rather than the
with a CCD camera, accompanied by two-dimensional detector size. At a centre frequency of 1 THz, typical for a
terahertz images of insects. An important disadvantage photoconductive antenna, the far-field spatial resolution is
of CCD imaging is the loss of the lock-in amplifier, about 30Qum.

which normally provides cancellation of thefllaser The extension of a single PDA into a one-dimensional
noise. No group has reported using a CCD with lock-in array has been reported for beam steering of terahertz beams
detection. [51]. This used 64 electrodes, each 2@ wide, spaced by

150 wm centre-to-centre, deposited on a semi-insulating
5.3. Parallel processing: antenna array GaAs substrate. There is still room for routing in such a

layout. An extension of a PDA array would involve repla-

The benefit of two-dimensional parallel processing has cing the simple dipole antennae with more efficient horn
not been realised with photoconductive antennae. An antennae. Various photoconducting antennae have already
array of PDAs would be far less sensitive to laser noise been reported in tapered slotline, stripline and spiral antenna

— | —

] | —— i

5 to 50 pm

Fig. 10. A layout of an array of PDAs used for two-dimensional detection. The electric field is detected at each pixel in the array. The strip lird®ara met
GaAs substrate.
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Table 1

Comparison of pulsed terahertz techniques

Electro-Optic Photoconductive Antenna

Emitter Detector Emitter Detector

Lower power Lower efficiency Higher power Higher efficiency

Higher frequencies Higher frequencies Lower frequencies Lower frequencies
Easy to align Less equipment
CCD imaging Array imaging

configurations [52-56]. Constructing an array of small whereas photoconductive switches are limited to a few tera-
three-dimensional structures in a pfh will require micro- hertz.
machining technology. Apart from the trade-off between terahertz power and
bandwidth, two other issues contribute to selecting a tera-
hertz system. The first has to do with supporting equipment,
6. Terahertz system trade-offs specifically lock-in amplifiers and regenerative laser ampli-
fication, and the second relates to two-dimensional imaging.
The essential system trade-offs for a pulsed terahertz Although electro-optic generation has a greater band-
system are summarised in Table 1. The electro-optic systemwidth than photoconductive switching, the power in the
is characterised by low power and low efficiency generation terahertz pulse derives entirely from the incident laser
and detection, whereas PDAs generate higher power. PDAspulse power. In a PDA emitter, the output power scales
are, however, limited in frequency by their terahertz genera- both by incident pulse power and by bias voltage. The
tion mechanism. This effect is slower than the electro-optic energy of an ultrafast laser pulse can be increased using a
effect used both to generate and detect terahertz in FSEOSregenerative amplifier in addition to the ultrafast laser oscil-
In the critical consideration of bandwidth, electro-optic lator. Electro-optic detection is a weak effect and very sensi-
techniques can achieve frequencies up to 50 THz [37], tive to optical noise. To eliminate the noise it is necessary to

Terahertz pulse in white Gaussian noise (SNR approx -10 dB)
10 T T T T T T T T

-4 _

.1 0 1 1 ! 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

Fig. 11. Plot of a real terahertz pulse buried in zero-mean white Gaussian noise at a signal-to-noise ratio (SNR) of apprexithdily
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Terahertz pulse denoised using a Daubechies 10 wavelet
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Fig. 12. Plot of the noisy terahertz pulse from Fig. 11 after being de-noised using a wavelet thresholding. The typical pulsed nature of a saenfzled terah
waveform is revealed. A number of spurious oscillations are produced by the wavelet de-noising process.

use a lock-in amplification technique [57]. Regenerative and decomposition. In wavelet analysis, a signal is decomposed
lock-in amplifiers are large and expensive, limiting the into an array of pulse-shapedavelets so that the time
development of a portable and cheap terahertz system.  domain and spectral domain of a signal can be studied
As shown in Table 1, electro-optic detection permits simultaneously, much like the short-time Fourier transform
parallel imaging with a CCD camera. This takes advantage (Gabor transform) [58]. The basic premise of wavelet analy-
of the increased bandwidth associated with electro-optic sis is to construct the signal from the scaled wavelets instead
detection but optical noise cannot be eliminated. It would of from infinite sinusoidal functions, as used in Fourier
be beneficial to have an array of photoconductive switches. analysis. When applied to pulsed systems, like pulsed tera-
This would take advantage of the increased speed of parallelhertz imaging, the wavelet function fits far more closely to
processing and the insensitivity to laser noise of the the shape of the actual signal than any sinusoid would and
photoconductive switch. Implementation of a two-dimen- thus correlation coefficients are higher than for Fourier
sional array of photoconductive antennae was discussed intransforms. Higher coefficients mean better noise threshold-
Section 5.3. ing and faster signal detection. In fact, it has been shown
that wavelets have near optimal noise reduction properties
for a wide range of signals [59]. Fig. 11 depicts a noisy

7. Signal processing for terahertz pulses pulsed waveform. It consists of a real sampled terahertz
pulse with the addition of simulated zero-mean white Gaus-
7.1. Wavelet image processing sian noise at a signal-to-noise ratio of abetitO dB. Fig. 12

demonstrates the effectiveness of wavelet de-noising on this

The development of a robust and efficient terahertz pulsed waveform; the fast oscillations are removed and the
imaging system requires efficient signal analysis and infor- pulsed nature of the terahertz is revealed.
mation processing algorithms. Apart from detection and Image processing must not only be effective, it must also
system interfaces, it is vital to take incoming terahertz be fast. One of the primary features of tiscrete wavelet
waveforms or images, enhance salient features and presentransform(DWT) algorithm is its speed. Compared to the
the information for storage and interpretation. Currently Fast Fourier Transform, which has complexity of order
most operational terahertz imaging systems are pulsed, sdO(NlogN) the DWT is far quicker with complexity order
the idea of processing based on wavelets appears practicaD(N) [5]. This can make a phenomenal difference to the
[3]. Wavelet analysis extends the concept of Fourier decom-time required to de-noise and analyse signal data. The
position to a more complicated time and scale (‘frequency’) central trade-off in wavelet analysis comes between
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Fig. 13. Terahertz image of a breast phantom (wax) with fibres embedded to simulate cancerous growths. The cancerous tissue can be determined from t
difference in terahertz transmission waveforms.

performance and speed. Although the DWT is fast, better New York and I. Brener’s group at Lucent Technologies,
and more flexible performance can be achieved by introdu- Murray Hill. Special thanks is due to Zhiping Jiang and Qin
cing some redundancy by using amer-complete wavelet Cheng at R.P.l. for assistance with taking measurements.
transform (OCWT). The OCWT provides better noise

robustness, allows for non-uniform sampling and allows
adjustment of its bandwidth [60]. The trade-off with the

OCWT is performance against speed. Algorithm speed
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