
 

 

 
Memòria justificativa de recerca de les beques predoctorals per a la formació de 
personal investigador (FI) 
 
 
La memòria justificativa consta de les dues parts que venen a continuació: 
1.- Dades bàsiques i resums 
2.- Memòria del treball (informe científic) 
 
Tots els camps són obligatoris 
 
1.- Dades bàsiques i resums 
 
Títol del projecte ha de sintetitzar la temàtica científica del vostre document. 
 RESEARCH AND DEVELOPMENT OF TERAHERTZ IMAGING SYSTEMS 
Dades de l'investigador (benficiari de l’ajut) 
Nom 
ENRIQUE 

Cognoms 
NOVA LAVADO 

Correu electrònic 
ENRIQUE.NOVA@TSC.UPC.EDU 
Dades del director del projecte 
Nom 
JORDI 

Cognoms 
ROMEU ROBERT 

Correu electrònic 
ROMEU@TSC.UPC.EDU 
Dades de la universitat / centre al que s’està vinculat 
UNIVERSITAT POLITÈCNICA DE CATALUNYA / DEPARTAMENT DE TEORIA DE LA SENYAL I COMUNICACIONS / 
UNITAT ANTENNALAB 
 
 
Número d’expedient  
2010FI_B 00419 
Paraules clau: cal que esmenteu cinc conceptes que defineixin el contingut de la vostra memòria. 
TERAHERTZ SYSTEMS; FMCW RADAR; RADIOMETRIC SYSTEMS; SECURITY IMAGING; NEAR FIELD IMAGING 
SYSTEMS  
Data de presentació de la justificació  
21/01/2011 
 



 

 

Resum en la llengua del projecte (màxim 300 paraules) 
 
The electromagnetic radiation at a terahertz frequencies (from 0.1 THz to 10 THz) is situated in the frequency band 
comprised between the optical band and the radio band. The interest of the scientific community in this frequency band has 
grown up due to its large capabilities to develop innovative imaging systems. The terahertz waves are able to generate 
extremely short pulses that achieve good spatial resolution, good penetration capabilities and allow to identify microscopic 
structures using spectral analysis. 
 
The work carried out during the period of the grant has been based on the developement of system working at the 
aforementioned frequency band. The main system is based on a total power radiometer working at 0.1 THz to perform 
security imaging. Moreover, the development of this system has been useful to gain knowledge in the behavior of the 
component systems at this frequency band.  
 
Moreover, a vectorial network analyzer has been used to characterize materials and perform active raster imaging. A 
materials measurement system has been designed and used to measure material properties as permittivity, losses and 
water concentration. 
 
Finally, the design of a terahertz time-domain spectrometer (THz-TDS) system has been started. This system will 
allow to perform tomographic measurement with very high penetration resolutions while allowing the spectral 
characterization of the sample material. The application range of this kind of system is very wide: from the 
identification of cancerous tissues of a skin to the characterization of the thickness of a painted surface of a car.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

 

Resum en anglès(màxim 300 paraules) 
 
The electromagnetic radiation at a terahertz frequencies (from 0.1 THz to 10 THz) is situated in the frequency band 
comprised between the optical band and the radio band. The interest of the scientific community in this frequency band has 
grown up due to its large capabilities to develop innovative imaging systems. The terahertz waves are able to generate 
extremely short pulses that achieve good spatial resolution, good penetration capabilities and allow to identify microscopic 
structures using spectral analysis. 
 
The work carried out during the period of the grant has been based on the developement of system working at the 
aforementioned frequency band. The main system is based on a total power radiometer working at 0.1 THz to perform 
security imaging. Moreover, the development of this system has been useful to gain knowledge in the behavior of the 
component systems at this frequency band.  
 
Moreover, a vectorial network analyzer has been used to characterize materials and perform active raster imaging. A 
materials measurement system has been designed and used to measure material properties as permittivity, losses and 
water concentration. 
 
Finally, the design of a terahertz time-domain spectrometer (THz-TDS) system has been started. This system will allow to 
perform tomographic measurement with very high penetration resolutions while allowing the spectral characterization of the 
sample material. The application range of this kind of system is very wide: from the identification of cancerous tissues of a 
skin to the characterization of the thickness of a painted surface of a car. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
2.- Memòria del treball (informe científic sense limitació de paraules). Pot incloure altres fitxers de qualsevol 
mena, no més grans de 10 MB cadascun d’ells. 
 
El trabajo de investigación realizado durante el periodo de disfrute de la beca FI se ha basado en adquirir y 
desarrollar componentes para la creación de un laboratorio de ondas milimétricas y terahercios en el 
departamento TSC de la UPC. Una vez se ha dispuesto del laboratorio, se ha empezado a realizar medidas y 
pruebas para coger experiencia y obtener los primeros resultados con los equipos. Principalmente se han 
empezado a desarrollar los cuatro sistemas descritos a continuación: 
 
 
Sistema de caracterización de materiales 
 
Este sistema se basa en utilizar el analizador de redes para caracterizar materiales en la banda de frecuencia 
de 75 GHz a 110 GHz. El objetivo de este sistema es la medida de características del material como la 
permitividad o la atenuación. Los equipos utilizados son el analizador, una etapa posicionadora 2D y dos 
lentes plano-convexas. El haz de microondas se enfoca en un punto donde se coloca la muestra a medir.  Si 
la muestra se coloca en la etapa posicionadora 2D se pueden adquirir imágenes de la muestra que indiquen 
cambios de sus características dependiendo de la posición.  
 

 
Fig. 1. Caracterización de la concentración de agua de un trozo de embutido 

 
 
Sistema activo de adquisición de imágenes 
 
A 94 GHz se presenta un compromiso entre capacidad de penetración de materiales y alta resolución 
espacial que hace de esta banda apropiada para sistemas de imagen de seguridad en tiempo real. La ropa 
de un individuo es totalmente transparente a estas frecuencias, dejando al descubierto cualquier tipo de arma 
que lleve debajo de ésta. En el laboratorio hemos desarrollado un sistema activo de adquisición de imágenes. 
Utilizando el analizador de redes (75 GHz – 110 GHz) y dos posicionadores lineales se pueden obtener 
imágenes de objetos a través de ropa como la mostrada en la Fig.2. 
 
 

  
Fig. 2. Imagen de un objeto metálico escondido debajo de una camiseta 

 
Cámara a 94GHz en tiempo real (Radiómetro de potencia total) 
 
Se conoce que las geometrías pasivas tienen la ventaja de que trabajan con una fuente incoherente de señal 
(la propia radiación emitida por los objetos), siendo inmunes al ruido speckle y a problemas de exposición. 
Para tener la posibilidad de adquirir imágenes pasivas en banda W (75-110 GHz) se ha desarrollado un 
radiómetro de potencia total como paso previo al diseño del radiómetro interferométrico. Con este equipo y un 
sistema de posicionamiento en azimut y elevación se podrán realizar barridos mecánicos para formar 
imágenes.  
 



 

 

   
        (a)               (b) 

Fig. 3. (a) Radiometro de potencia total con reflector. (b) Simulación de las capacidades de escaneo del radiometro 
 
 
 

 
Fig. 4. Imagen preliminar de temperaturas de una persona sentada en una silla obtenida con el radiometro 

 
 

Sistema de imagen tomográfico a Terahercios 
 
En este periodo se ha iniciado el desarrollo  de un sistema de imagen tomográfico. Siguiendo los resultados 
obtenidos en simulaciones de sistemas de espectroscopia de terahercios, se ha decidido la utilización de 
sistemas de espectroscopia en el dominio del tiempo para investigar técnicas de adquisición para la 
obtención de imágenes tomográficas. El rango de aplicaciones de este tipo de sistema es muy amplio: desde 
la identificación de zonas de tejido canceroso en la piel de un enfermo a la caracterización de una superficie 
pintada en un coche por ejemplo. 

 

 
Fig. 5. Sistema de imagen tomográfico en el dominio del tiempo a frecuencia de terahercios 
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Abstract- In the context of the TERASENSE Project an 
imaging system in the terahertz band will be designed and built. 
The purpose of this demonstrator is to have an in-house 
developed instrument to test new technologies and carry out 
proof-of-concept trials of terahertz imaging systems. In this 
communication a review of the state of the art of terahertz 
imaging systems and a system specification and layout of the 
intended system to be constructed at the UPC is presented. 

I. INTRODUCTION 
Terahertz imaging systems are potencial canditates for 

security, biological and sensing applications. The inherent 
available large bandwidth, and the specific spectral 
absorption behaviour of certain molecules are key elements 
in defining the potentialities of such systems [1]. 

II. STATE OF THE ART 
In this section a review of the present state of the art in 

terahertz imaging systems is presented. According on how the 
terahertz radiation is generated two different approaches can 
be readily identified: time and frequency domain systems. In 
addition the two approaches result in different system 
performances in terms of frequency resolution and sensitivity. 
Depending then on the constrains set by the final application 
one approach is preferred in front of the other. 

 

A.  Time domain systems  
In terahertz time domain spectroscopy (THz-TDS), short 

pulses (typically 1-2ps of duration) are transmitted through a 
sample and measured by gated detection. The Fourier 
transforms of these pulse shapes are computed in order to 
obtain the absorption and dispersion coefficients of the 
sample [2]. 

Terahertz waves are created using an electrooptic (EO) 
crystal and/or photoconductive (PC) antennas with mode-
locked lasers. The optical pulse width is usually around 100 
fs (Fig.1 pulse 1). When the laser beam illuminates the PC 
antenna, a rapid change in the charge carrier density occurs, 
and the acceleration of charges results in the formation of 
THz electromagnetic radiation. This radiation leaves the 
antenna in the form of a spectrally broadband pulse (Fig.1 
pulse 2). The width of the pulse and therefore the bandwidth 
of the system depends on the laser pulse width and on the 
lifetime of the charge carriers on the semiconductor. Using an 
ac-biased low-temperature-grown GaAs (LT-GaAs) PC 
antenna illuminated by a Ti-sapphire laser, a frequency 

region of 0.1-15 THz can be covered [3]. An illustration 
showing the disposition of the emitter, the mechanical delay 
and the detector is depicted below.  

 

 
 

Figure 1. Diagram of a basic THz-TDS system [3]. 
 

The emitted THz radiation is collimated and focused onto 
the sample using parabolic mirrors. The transmitted pulse 
(Fig.1 pulse 3) is again collimated and focused onto the PC 
detector. The temporal change of the incident THz pulse can 
be traced by changing the arrival time of the optical gate 
pulse (Fig.1 pulse 4). The photocurrent )(tJ  generated by 
the incident radiation at time delay t is described by the 
following equation: 

∫
∞

∞−

−= ')'()'()( dtttNtEetJ µ       (1) 

where )'(tE , )'(tN , e  and µ  are the incident field of 
THz radiation, the number of photocreated carriers, the 
elementary electric charge, and the electron mobility 
respectively. When considering the PC antenna as a sampling 
detector, the temporal width of )'(tN should be as short as 
possible. )(tJ would exactly reflect )(tE if )(tN were a 
δ -function. The time duration of )(tN is restricted by 
several factors, such as gating pulse width, momentum 
relaxation of photocarriers, and carrier lifetime of PC 
material. With the motivation to shorten the latter, the LT-
GaAs has been developed. 

The photocurrent obtained from the detector is amplified 
and processed in a computer. Finally, the Fourier transform 
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of the pulse is computed in order to obtain the spectrum of 
the transmitted signal. This spectrum can be compared with 
the emitted signal spectrum to remove the system response of 
the experiment. Thanks to the pump-probe coherent 
detection, SNR levels greater than 106 in power are achieved 
using the described system.  

The frequency resolution of the system depends on the 
measured temporal window. Since the temporal scan is 
carried out mechanically, there is a trade-off between 
measurement time and frequency resolution. The resolution 
achieved with this scheme is around 1 GHz. However, in [4] 
a system based on an asynchronous optical sampling method 
is explained, obtaining a frequency resolution of 82.8 MHz 
with an acquisition time of 10 sec.  

Using a scheme similar to THz-TDS, a real-time 2D 
cross-sectional tomography system is presented in [5]. The 
method combines the utilization of a two-dimensional free-
space electro-optic (ZnTe2) crystal detector and line focusing 
of the terahertz beam. A 2D spatiotemporal image is captured 
by a 2D-CCD camera (640x480 pixels) at 10 frames/sec. The 
transverse resolution is estimated to be 2.5mm at 1 THz 
whereas the temporal unit increment in the time axis is 14.1 
fs/pixel.  

This method shows the possibility of developing real-time 
image acquisition systems in order to monitor moving 
objects, like products on a belt conveyor or the human body.  

B.  Frequency domain systems 
 In terahertz frequency domain spectroscopy (THz-FDS), a 
continuous-wave THz radiation is produced, transmitted 
through the material under test, and subsequently measured 
and analyzed. 
 The emission is produced through a photomixing of the 
combined output of two single-frequency diode lasers in a 
PCS (photo-conductive switch). The wavelength of one (or 
both) of the lasers is tuned to vary the THz output frequency.  
In most spectroscopic applications of photomixing to date, the 
THz output beam from the PCS has been coupled to a 
sensitive broadband thermal detector making the overall 
signal processing incoherent and phase insensitive.  
 Coherent detection can be achieved at room temperature 
by mixing the same optical radiation from the diode lasers in a 
detector PCS onto which the THz signal is also incident. This 
provides greater sensitivity and faster data acquisition 
compared to the incoherent technique, and preserves phase 
information. 
 
 A THz-FDS system developed to operate from 210-270 
GHz is depicted in [6]. The initial signal is generated by 
means of a voltage controlled YIG, and then a multiplier 
chain ending with a broadband sextupler provides several 
milliwatts of power. The transmitted signal is mixed with a 
Local Oscillator in a VDI subharmonic mixer (wr3.4SHM). 
The resulting Intermediate Frequency (IF) at 1.7 GHz is then 
amplified, detected, and read by a computer. The heterodyne 
receiver which measures the transmission through materials 
under test yields an accuracy better than 0.5%. 
 A highly-integrated dual semiconductor laser Module (Fig. 
2), using two ErAs:GaAs photomixers, and based on THz-
FDS is described in [7]. The system utilizes a single package 
integration of two 783 nm distributed feedback laser diodes 
(DBF) with a high-resolution wavelength discriminator. 

Digital signal processing electronics provide precise 
frequency control and yield ~200 MHz accuracy of the THz 
signal frequency. Continuous mode hop-free frequency 
sweeping is demonstrated with < 1 GHz resolution from 200 
GHz to 1.85 THz. The highly efficient CW nature of the 
photo-mixing source puts all the THz power at the frequency 
of interest, yielding excellent signal-to-noise ratio of 80 
dB/Hz at 200 GHz and 60 dB/Hz at 1THz . 
 To measure the laser frequencies, 20% of the primary 
beam is coupled through an optical filter that has a 
predetermined wavelength profile and is then incident on a 
photodiode. 

 
 

Figure 2. Integrated source and detector module drawing [7]. 
 
Comparing both techniques, some of the benefits of the 
coherent frequency-domain technique compared to the time-
domain technique are: (1) no moving parts (i.e. no mechanical 
scanning delay line), (2) higher frequency resolution, and (3) 
the ability to selectively scan specific frequency regions of 
interest with adjustable resolution. Mention that, unlike pulsed 
systems, CW photomixing results in all of the THz power 
being concentrated at a single THz frequency, thus improving 
spectral density and signal- to-noise ratio at that frequency. 
However, previously it has been difficult to realize practical 
frequency-domain spectrometers due to the challenges 
associated with the construction and control of the dual lasers, 
namely mode-matching and collimation of the two laser 
beams and precise control of their difference frequency. 
 In the table below, the most important parameters of the 
THz systems are shown. The wider frequency range of the 
THz-TDS compared with THz-FDS can be pointed out. 
However the resolution of the latter is higher.  
 

TABLE I 
Comparison between relevant parameters of time domain and 

frequency domain systems 
 

Parameter Time domain Freq. domain 
Freq. range  100 – 15000 GHz 100 – 2000 GHz 

Output power  ~ 2uW ~ 1 uW 
Sensitivity - 10-12 – 10-10 W/Hz 



  

 

Freq. resolution  ~ 1 GHz ~ 0.1 GHz 
SNR ~ 106 106 – 108 

Spectral purity - 0.010 – 0.25 GHz 
 

 

III. A PROPOSAL FOR THE UPC SYSTEM 
The imaging system proposed at the UPC is conceived to 

present high flexibility when measuring a field distribution in 
a planar surface. To do it, the system is based on the MST 
(Modulated Scattering Technique) approach, which reduces 
the RF equipment necessary for each pixel of the planar 
surface, and only requires of low frequency wiring. The main 
part of the system consists of a planar probe array, named 
retina, which is placed in between the object under test and 
the detector. A source transmits an incident field in the range 
of THz frequencies towards a parabolic mirror, which de-
collimates the beam towards the sample to be imaged. A 
second parabolic mirror collimates the scattered fields into the 
detector. 

The sample has been placed on a rotary stage, to be able to 
select the desired direction to perform the imaging. The field 
which is being imaged is measured by the retina placed 
between the sample and the receiving parabolic mirror. When 
the retina is illuminated by the transmitted field, each of its 
probes (pixels) back-scatters a signal marked in a pre-defined 
way, and therefore becomes distinguishable from the rest. In 
this way, from the received signal it is possible to obtain 
information about the scattered fields at each of the pixels. 
The marking is done by placing at each of the probes a NEMS 
switch capable to change the load status of the probe 
according to an external signal. 
 

As a first design step, a 25-50 GHz imaging system is 
being developed using the same principle as described in the 
following paragraph. In this case, the retina is planar antenna 
array composed by 16 pixels which are activated 
independently using NEMS switches at their center. The 
illuminator and the collector are horn antennas providing a 
known electromagnetic field distribution. 
 

 
Figure 3: THz imaging system proposal. 

 

IV. CONCLUSIONS 
THz imaging systems are inherent UWB systems. The 
potentiality to obtain high resolution images has already 
been realized.  A major challenge is the fast sampling of 
EM field distribution to produce real time images. A MST 
based retina will be tested in THz imaging system. 
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Abstract- The lower frequency range of THz band is 
appropriate for short range imaging applications offering a 
good compromise between spatial resolution, media 
attenuation and technology availability. In the framework of 
the TERASENSE project alternative approaches based on 
passive and active systems are proposed and studied in order to 
develop suitable demonstration prototypes.  

I. INTRODUCTION 
The millimeter wave (MMW) band of frequencies extends 

from 30 GHz to 300 GHz, whereas terahertz (THz) band 
extends from about 0.1 to about 3 THz. In short range imaging 
applications like security checkpoints in airports or non 
destructive testing of materials the transition frequency range 
between MMW and THz offers a good compromise between 
spatial resolution and tolerable media attenuation. Due to the 
short wavelengths involved a good spatial resolution in the 
order of few centimetres or better can be achieved even with 
small apertures. Moreover around 100 GHz essential imaging 
subsystems like oscillators, low noise amplifiers, mixers, etc. 
are commercially available. In this context the paper contains 
a review of the state of the art involving both imaging 
methodologies active and passive and underlying 
technologies.  Both passive and active imaging prototype 
systems are being studied, the paper presents the basic 
operation principles and geometries of exploration considered 
and the main technical requirements related to performance 
parameters such as spatial resolution, sensitivity, etc.  

II. STATE OF THE ART 
 

In this section a review of the current state of the art in 
short-range terahertz imaging systems is presented. In the 
following two sections both active and passive techniques are 
depicted including the required technologies.  

A.  Active systems  
 
Active MMW imaging methods are based on a 

transmitter-receiver model usual in imaging radar. The image 
of the illuminated scene is formed from the measured 
scattered signals.   

In spite of the technological comp lexities associated with 
the lower range of THz, a variety of solid-state and beam 
wave tubes sources exist. Examples of vacuum-tubes MMW 
sources are the travelling-wave tube (TWT) and the 
backward-wave oscillator (BWO). Among the solid-state 

sources available, we can find the Gunn diode and the 
Impact-Ionization Transit-Time (IMPATT) diode oscillators. 

Tube sources are mainly used for high power applications 
up to 22kW in CW. The BWO can operate at frequencies up 
to 1.3 THz and the are widely used in spectroscopic 
applications.  

Gunn oscillators are available at frequencies up to 140 
GHz in the InP version. Due to the low power output of few 
milliwatts and to the low-noise behaviour, these devices are 
useful as local oscillators. IMPATT oscillators have higher 
output power but also higher noise outputs compared with 
Gunn devices.  

However, HEMT transistors are supplanting Gunn and 
IMPATT in many applications, especially at the lower 
frequencies. In the HEMT oscillators, the gain can be 
controlled and the DC to RF efficiency is higher than using 
diode devices. An oscillator working at a frequency up to 346 
GHz has been developed using a 35nm InP HEMT transistor 
[1], however only 25uW of output power can be reached in 
this case. 

The receiver RF front-end usually consists on a Schottky-
barrier diode used to detect the incoming signal. Thanks to 
the higher contrast achieved with the artificial illumination, 
the receiver does not have to be extremely sensitive. The 
basic approach is to use a single detector with a mechanical 
scanning. However, for practical purposes, array detectors 
are preferable in order to shorten the scanning time. A 
beamwidth of 2.3 degrees with 20 dB peak to null ratios can 
be achieved with an array of 64 elements at 94 GHz [2]. 

Figure 1. Diagram of an active MMW radar  
for detecting atmospheric species [5]. 

 



  

 

Figure 1 presents the diagram of a typical THz radar. The 
source is a low frequency source multiplied by an harmonic 
multiplier (i.e. a varactor). The detector consists in a 
bolometer plus an amplification and demodulation stage. The 
bolometer is a commonly used device for signal detection in 
the far-infrared and THz bands. 

In order to guide the radiation it has to be pointed out that 
at frequencies above 100 GHz, metal waveguides become 
unacceptably lossy due to skin effect losses and the inability 
to fabricate the waveguides with enough precision required 
for low loss operation. This limitation can be overcome by 
using techniques developed for the visible and the infrared 
portions of the spectrum. This approach has been called 
“quasi-optics”. It is possible to build optical analogs of 
almost all waveguide components like waveguides, 
attenuators, polarization rotators, directional couplers and 
antennas. Almost zero loss can be achieved if the waveguide 
is made from mirrors. Nevertheless, MMW optical 
components in general are bulky. 

A variety of MMW active imaging techniques have been 
already published. [3] presents an imaging method based on 
multi-parametric encoded illumination. The image contrast is 
enhanced by using an active system fed by three BWOs in 
order to sweep the frequency of the source from 52 GHz to 
178 GHz. Moreover the coherent noises and distortions are 
reduced by accumulating distinct coherent images. These 
images are captured by a receiving array of microstrip log-
periodical antennas disposed in the image plane of the 
focusing element.  

A 2-D acoustic phase imaging system is presented in [4]. 
Metallic and dielectric materials can be detected by measuring 
their acoustic phase with electromagnetic radiation. The 
acoustic phase of a vibrating object is measured using 
homodyne mixing, therefore the interference between the 
reflection from the object and a reference signal is detected. 

A resolution of 2 mm is achieved with this technique, 
which is better than the diffraction limited resolution of 3 mm. 
Since it is a differential detection method, the background is 
not distinguished. Furthermore, objects with similar contrast 
as the background can be identified.  

 

B.  Passive systems 
 
 Passive Millimeter wave imaging (PMMW) systems are 
usually characterized by their thermal and the spatial 
resolutions. The development of such systems is driven by 
security applications like the detection of vehicles behind 
camouflage materials or concealed weapon detection at 
airports or other public buildings. Thus, using passive MMW 
has a major advantage in these environments since it does not 
suffer from scattering and multipath propagation, as compared 
to active (radar) imaging. 
 A critical issue to be considered in MMW imaging 
systems is the acquisition time to get a full image, hence, 
different systems can be found in the literature, due to the 
distinct application requirements.  
 Up to date, no un-cooled solid-state millimeter-wave 
detector has achieved sufficient sensitivity to directly 
measure terrestrial scene brightness temperatures with video-

rate thermal resolution useful for the described applications. 
By way of example, semiconductor detectors such as hetero-
structure diodes have reached sensitivity levels such that a 
single monolithic millimeter-wave integrated circuit (MMIC) 
amplifier chip preamplifier can provide the power required for 
video-rate focal plane imaging. For instance a focal-plane 
array with 25k (128 x 192) pixels requires the use of 25,000 such 
MMIC amplifiers. The same scenario but using the 
corresponding phased-array camera at a 30 Hz frame rate, 
needs less than 1,300 MMIC amplifier chips [6][7]. 
 
  However, as a consequence of recent developments in the 
market, communication technologies and computers are 
capable of processing a larger amount of data at very high 
speed. This enables digital beam-forming (BF) imager 
architecture to be realized; so that BF-PMMW imager based 
on high-speed digital signal processor (DSP) and a conformal 
array of planar antennas may shrink the large volume foot 
print of existing quasi-optical PMMW imagers to a thin panel 
a few millimetres thick, increasing the applicable scenarios. 
Moreover, using low cost packaging and assembly methods 
employed in mobile computer technology, the final cost of the 
imagers could decrease drastically [8]. Unlike the conventional 
imaging which uses quasi-optical beam former, a focal plane 
array and receivers, in that order, Fig. 2, and that yields a 
system volume ~D3; electronic imaging, the beam-former is 
situated after the receivers (DSP) yielding instead a system 
volume ~2?D2. Besides, the very serious depth of field 
limitation of a few centimetres for short range (< few metres) 
quasi-optical security portals can be overcome by creating 
multiple near-field images electronically on a frame rate time-
scale. 
 With regard to the array techniques, minimally redundant 
arrays are of interest in electronic beam-forming as they 
sample all scene spatial frequencies across an aperture with 
the minimum number of receiver elements [9]. Taking this into 
account, a comparis on of radiometric sensitivities for a 
mechanical and electronic imager has shown better results for 
the latter [8]. 

 

  
 

Figure 2. Mechanical scanning imager (upper),  
electronic scanning imager (lower) [8].  



  

 

 
Among other important projects in PMMW field, a 

programme supported by the UK Department of Trade and 
Industry (DTI) to develop pre-competitive technology is  
working on electronic imaging for commercial security 
applications. Described in [8], a demonstrator is been 
developing, having a real-time imaging (25 fps) capability, 
with a sensitivity (= 1 K), comparable to existing PMMW 
imaging systems. Maximum utility for minimum cost is sought 
by operating at a low radio frequency (22.5 GHz) and having a 
moderate radio frequency bandwidth (300 MHz) in a 
heterodyne architecture and by using a small number of 
receiver channels (32). 
 Generally two types of antenna are chosen for 
investigations, namely short horn antennas due to the 
relatively simple design procedures and reproducible high 
quality beam patterns and patch antennas due to the low cost 
production and ease of integration with multilayer electronic 
circuits. 
 

 Some other variations of PMMW using additional 
ideas can be found in the literature, such as a system with 
rotating space observation method [10], or another one with 
white noise illumination for concealed weapons detection 
[11], which offers interesting advantages and solutions. This 
technique is useful mainly in indoor environments where the 
brightness temperature contrast does not exceed 5-15K, 
employing artificial MMW radiation sources in order to 
increase the contrast. Table I contains a summary of the main 
typical technical characteristics of both passive and active 
short range imaging systems.  
 
 

 
TABLE I 

Comparison between relevant typical parameters of  
Active MMW and Passive MMW systems  

 
Parameter AMMW PMMW 

Freq. range  35,94,140,220 GHz 22.5-94 GHz 
Output power  ~ 2mW - 

Sensitivity - =1 K 
Bandwidth CW Up to 10 GHz 

Spatial resolution  ~ 2.5 mm 5.2 milliradians 
Target distance 1-5 m 0.05-5 m 
Time imaging Up to 25 fps Up to 25 fps 

 

III. UPC PROTOTYPES UNDER STUDY 
The absence of illumination in passive systems is a key 

aspect to achieve a public acceptance of imaging devices for 
security screening applications in airports and other sensitive 
facilities. However active systems can exhibit better 
sensitivity, imaging speed and spatial resolution. For these 
reasons both passive and active approaches are being 
evaluated both by means of simulations and experimentally.  

 
III.A Passive Prototype 

The proposed passive prototype is based on the aperture 
synthesis technique. This concept was developed for 
radioastronomy applications [12] and has recently been 
assessed in the framework of the ESA SMOS mission [13].  
This approach minimizes the number of receivers needed to 
form an image since N receivers can produce an image of N(N-
1) pixels (some of them redundant). Note that in the case of 
focal plane radiometers a receiver is needed for each image 
resolution cell if mechanical or electronic scanning is avoided.  
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Figure 3. Aperture Synthesis imaging radiometer intended for 

security screening of population and luggage in airports and other 
sensitive facilities.  

 
Fig. 3 shows a possible geometry of acquisition based on 

two crossed linear arrays, other geometries are possible such 
as the “Y” shape with three arms at 120 degrees angular 
spacing. The noise signals delivered by every antenna 
element must be amplified and down-converted to base band 
I/Q channels and digitised. The received signals can be 
delivered to a FPGA correlator board using a fast serial bus to 
minimize interconnection costs. In an ideal case, the 
correlations of all the antenna pairs are directly related to the 
Fourier Tranform of the scene brightness temperature. In fact 
this is true for scenes in the far field of the array. For security 
applications the scene is at short distance of the array, but 
still it is possible to invert the correlation data in order to 
properly focus the image in near-field [14][15]. The main 
parameters of a first prototype are being studied to assess the 
viability of real-time operation.  

 
    

III.B Active Prototype 
 
Several configurations are feasible for active imaging of 
security scenes. The linear crossed arrays considered for 
passive imaging can in fact easily operate in an active 
configuration.  
 



  

 

MUX H

M
U

X V

NEAR-FIELD IMAGING
IMAGE DISPLAY

PC:  ACQ. CONTROL

TRANSMITTER

RECEIVER

 
Figure 4. Active imaging based on the linear crossed arrays.   

 
This is shown in Fig. 4 where the antennas belonging to the 
vertical array are used sequentially for the scene illumination 
whereas the elements of the horizontal array are used to 
receive the scattered signals from the scene to be imaged.  
A focusing operator can be used based on the inversion of 
the theoretical scattered field amplitude and phase between 
each point of the scene and the transmitting and receiving 
positions [16].   
 
An alternative approach which simplifies the front-end is 
based on using a reconfigurable reflectarray which can be 
designed using MEMS or LCD technologies [17]. In this case 
(Fig. 5) the focusing required to form the image is provided by 
dynamically programming the appropriate weights in the 
reflectarray elements. Up to date planar arrays have been 
investigated for satellite communication antennas and near-
field imaging purposes. Using conformed surfaces it is 
possible to minimize the phase changes required to scan the 
intended scene which simplifies the reflectarray design and 
programming. Key aspects of the LCD are the introduced 
losses, phase range and switching speed. The pros and cons 
of the different approaches are being determined and balanced 
to obtain a first feasible prototype. 
 

ARRAY WEIGHT CONTROL
IMAGE PROC. & DISPLAY

PC: ACQ. CONTROL

A
R

R
A

Y
 C

O
N

TR
O

L

TRANSMITTER

RECEIVER

REFLECTARRAY

   
Figure 5. Active imaging based on a conformed reflectarray.  

  

IV. CONCLUSIONS 
Several passive and active configurations are able to provide 
high resolution imaging in short range applications using the 
lower part of the THz band. From a first simulated analysis a 
first prototype using linear arrays of antennas or a reflectarray 
technology will we developed and tested. 
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Abstract— A subsurface imaging system based on a terahertz 

time-domain spectrometer (THz-TDS) is described in this paper.  

The system performance has been simulated in terms of spatial 

resolution, penetration capabilities and SNR. Moreover, a 

commercial THz-TDS has been used to perform the proof-of-

concept of the described system.  

 

I. INTRODUCTION 

Terahertz imaging systems are gaining relevance in the 

field of electromagnetic imaging thanks to their good 

compromise between spatial resolution and penetration 

capabilities. The inherent available large bandwidth and the 

specific spectral absorption behavior of certain molecules are 

key elements in defining the potentialities of such systems. 

Moreover, the recent evolution of electromagnetic sources 

working at this frequency band opens a new scope of 

applications to be developed using terahertz radiation. Since 

most non-polar, non-metallic materials are relatively 

transparent to terahertz radiation, non destructive testing can 

be performed through their surfaces. Furthermore, the 

available terahertz time domain spectroscopy systems emit 

narrow pulses with large spectral content approximately from 

0.3 THz to 3 THz. Hence, these systems are well suited to 

perform subsurface imaging since they can yield depth 

resolutions in the order of few micrometers.  

In the next sections, a subsurface imaging setup based on a 

THz-TDS system is proposed and simulated in order to 

foresee its performance. Furthermore, in order to validate the 

simulations a set of measurements have been performed using 

a commercial THz spectrometer. 

 

II. SETUP GEOMETRY 

Fig.1 shows the proposed system diagram [1] based on a 

terahertz time-domain spectroscopy system. In this scheme, 

the measurements are done in reflection. Terahertz radiation is 

created at the transmitting photoconductive antenna (Tx PCA), 

collimated by a mirror and aimed to the sample. The reflected 

scattered fields produced by the incident beam are guided 

towards a retina using a beamsplitter. 

The retina is able to recover the value of electric field at 

the position of each element using the modulated scatterer 

technique (MST) [2].  

 

 

 
Fig.1: THz subsurface imaging system 

 

In Fig.2, the design of the retina is presented. It is 

composed by 8x8 UWB elements. A Nano Electromechanical 

System (NEMS) [3] is placed at the center of each element, 

changing its load status depending on the NEMS state. Hence, 

using the variation of the element load status, the field can be 

modulated at its position and therefore measured using the 

MST technique.  

Once the electric field has crossed the retina, it is focused 

onto the receiving photoconductive antenna (Rx PCA) using a 

lens. A probe pulse is taken from the source laser and delayed 

using a controllable mechanical delay stage. The sampling of 

the terahertz electric field at the receiving antenna is 

controlled by the probe pulse, enabling a coherent detection of 

the incident THz radiation. Finally, the current created at the 

Rx PCA is amplified using a lock-in amplifier and processed 

using the FFT to obtain the spectral content of the pulse.  
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Fig.2: Retina layout and dimensions 

 

 



 

III. SIMULATION RESULTS 

 

In order to predict the performance of the system, 

simulations of the image reconstruction algorithm have been 

carried out. Once the field distribution along the retina is 

known, a focusing algorithm is applied to reconstruct a 

transversal image. The simulations have been performed using 

an FDTD electromagnetic simulator [4]. A 16x16 array of 

probes spaced λ/2 at 1 THz have been used to recover the field 

at 2 mm from the object. A Gaussian pulse with spectral 

content from 500 GHz to 1.5 THz has been used as excitation. 

The equation (1) has been applied to focus the field, where 

),(~ yxψ  is a reconstructed image pixel, );','( fyxE  is the 

electric field value at the probe placed at coordinates )','( yx  

and )','(, yxr yx
 is the distance from the probe to the pixel. 
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Fig. 3 shows the results of the simulation of a perfect 

electric conductor (PEC) block of 2x2 mm. The shape of the 

object is perfectly recovered. Moreover, the existence of a 

crack on the surface can be also exposed. 
 

 
              (a)    (b) 

Fig.3: Reconstructed image from a PEC block of 2x2 mm (a). In (b), a crack 

of 0.2x0.5x0.3 mm has been added to the block simulated in (a). 

 

Spectral imaging simulations have been also carried out. A 

strip of lossy dielectric material of 0.4x1 mm has been 

inserted into a lossless dielectric block of 1x1 mm. The 

permittivity value for both materials is εr=4, however the strip 

material has an absorption peak at 1 THz with a complex 

permittivity of εr=4+j9 at this frequency. Fig. 4 (a) shows the 

results of a simulation using the full excitation bandwidth 

whereas in Fig. 4(b) only a frequency band from 975 GHz to 

1025 GHz is used to reconstruct the image. The strip can be 

revealed when a narrow bandwidth around the strip absorption 

frequency is used. Furthermore a complete spectral response 

of each pixel can be obtained.  

 

 

 

 

 

 
                           (a)   (b) 

Fig.4: Image reconstruction of a lossy dielectric embedded in a lossless block. 

(a) presents a complete reconstruction using the full bandwidth, (b) shows the 

reconstruction using only information around the peak absorption band. 

 

IV. SETUP CHARACTERIZATION 

 

The SNR at the receiver has been characterized for 

different values of the sample dielectric permittivity. A source 

power of 20 µW and a 15% of coupling efficiency have been 

considered [5]. Thus, a beam power of 3 µW can be obtained. 

The multiplexing losses due to the retina are 18 dB whereas 

the losses due to the field modulation have been considered 6 

dB. The noise current at the receiving photoconductive 

antenna is 1310·3.1 −  A rms. The losses due to atmospheric 

absorption and retina absorption have been neglected in front 

of the multiplexing losses. With these values, the achieved 

SNR curves for permittivity values of εr=40, εr=20 and εr=5 

are depicted against total integration time for the 8x8 element 

retina in Fig. 5.  

 

 
Fig.5: Achieved SNR against integration time for  

different sample dielectric constants 

 

The minimum required value of SNR necessary to obtain 

an image has been considered 13 dB. Hence, the integration 

time needed to reconstruct the full image will be 57 s, 75 s and 

206 s for εr=40, εr=20 and εr=5 respectively. 

 



V. MEASUREMENTS 

 

A. Measurement setup 

 

A portable THz-TDS system [6] has been used to obtain 

raster images in reflection. This spectrometer allows to 

measure in real time with a dynamic range of around 25 dB 

and a repetition rate greater than 7 Hz. Nevertheless, the 

aforementioned value of dynamic range can be improved if 

the measurement is averaged for several acquisitions.  

The transmitted pulse has approximately 2.5 THz of 

bandwidth. Therefore a depth resolution of about 60 µm is 

achieved when measuring in reflection. Fig. 6 shows the setup 
geometry used to obtain the images presented in this section. 

The spectrometer is fixed on an optical breadboard whereas 

the sample is held on a 3D stage composed of three 

independent linear stages. Using the linear stage in Z direction, 

the sample can be placed at the focus of the lens where the 

measured beam waist is 170 µm; therefore at this Z position a 

pixel resolution of 340 µm is obtained. 

 

 
Fig.6: Photograph of the measurement setup 

 
The raster imaging is performed by displacing the sample 

in X and Y directions every pixel resolution distance. In the 

case of this paper, the image pixels have been measured 
moving the sample every 254 µm, below the spatial resolution.  

 

 
Fig.7: Photograph of the measured sample. Both imaged areas are  

illustrated on the photograph.  

 

 

 

Fig. 7 shows the sample of ceramic dielectric material of 

relative permittivity εr= 13 (measured in X-band) used to 

perform the imaging. The dimensions of the sample are  

29x33 mm and it has a thickness of 2.4 mm. A crack of 

approximately 2 mm of width has been cut on the surface with 

a depth of around 0.5 mm. 

Two types of images have been obtained.  First a surface 

image that gives information about the shape of the sample 

face in front of the lens has been retrieved. This image has 

been reconstructed by using the first reflection of the 

transmitted pulse. The second type of acquired image gives 
information about the shape of the opposite face of the sample. 

The second reflection of the transmitted pulse has been used 

to process the latter image.  

Both measured areas are shown in Fig. 7, where the shape 

profile has been depicted to better understand the images of 

the following section.  

 

B. Measurements analysis 

 

In this section an analysis of the obtained measurements 

and images is carried out. Fig. 8 shows two reflected signals 

in temporal domain from two different pixel positions when 

looking at the front face. The blue line corresponds to a 

reflection of a surface pixel. The time reference has been 

taken on the maximum of this reflection. The green dotted line 

of the same graph shows the signal reflected on the crack. The 

latter is delayed by 3.5 ps, agreeing with a crack depth on the 

order of 0.5 mm. Furthermore, a significant reduction on the 

amplitude is observed between two reflections due to the 

scattering produced by the irregular shape of the crack. 
 

Fig.8: Reflected signals from a pixel on the surface of the sample and from a 

pixel on the crack (blue and green lines respectively). 

 

Two images have been reconstructed using 20x10 pixel 

measurements. It has to be pointed out that the images have 

been interpolated in order to improve the perception of the 

shapes. Fig. 9 shows the surface shape of the sample around 

the crack, in the area depicted in Fig. 7. The processing of this 

image is based on taking the amplitude value at a fixed delay. 

In this case, to form the image the delay is 0.  The contour 

shape of the crack is recovered, however the transitions are 

attenuated. 



 

 
Fig.9: Image obtained when focusing to the surface of the sample 

 

The Fig. 10 shows an image of the same area as Fig. 9 but 

in this case 3.5 ps of time delay has been used to retrieve the 

image. With this delay the picture gives information about the 

inner contour of the crack. This contour matches with the 

depicted crack shape of Fig. 7.  

 

 
Fig.10: Image obtained when focusing to the crack 

on the opposite face 

 

Fig. 10 uses the reflection between the sample material and 

the air at the opposite face in order to form the image. Fig. 11 

shows the signal reflected in the transition from the surface to 

air in blue colour, whereas the signal reflected in the transition 

from the crack to the air is depicted in green. The time 

reference has been taken on the surface of the sample. A delay 

of 16 ps exists between both reflections. Using the relative 

permittivity of the material this delay is translated to 0.6 mm 
of crack depth. 

 
Fig.11: Reflected signals from a pixel on the opposite face of the sample and 

from a pixel on the crack (blue and green lines respectively). 

 

Fig. 12 shows the reconstruction of the image using a time 

delay of 0. The shape of the surface in the opposite face is 

recovered. Now it has to be pointed out that the variations in 

the surface are better observed since the depth resolution is 

improved by a factor of
r

ε . Moreover the effect of the 

transitions becomes more noticeable.   

 

 
Fig.12: Image obtained when focusing to opposite face 

 

Fig. 13 shows a reconstruction of the measured pixels when 

the delay applied is -16 ps. The crack shape is recovered. As 

in Fig. 12, the effect of the transitions is increased and only 

the stable surface of the crack is retrieved. This image proves 

the penetration capabilities of the terahertz radiation, being 

capable of penetrate 2.5 mm of high permittivity material with 

around 14 dB SNR averaging during 6 seconds. A full 

subsurface image of 20x10 pixels can be ideally recovered 
with this system in 20 minutes.  

However, the measured pixels to obtain Fig. 9 and Fig. 10 

have been averaged for 1 second, leading a measuring time of 

200 s. This value is in accordance with the results presented in 

Fig. 5.  

 

 
Fig.13: Image obtained when focusing to the crack 

on the opposite face 

VI. CONCLUSIONS 

A system based on a terahertz time-domain spectroscopy 

and capable of perform subsurface imaging in reflection using 
a retina has been proposed. Preliminary simulations have been 

carried out in order to show the imaging capabilities of the 

system. Moreover, a first calculation of the SNR of the system 

has been performed to foresee the acquisition time needed to 

form an image. The proof-of-concept of our system proposal 



has been carried out using a commercial THz-TDS 

spectrometer. This system has been used to acquire images 

through a ceramic material, revealing the existence of a crack 

on the opposite face, and proving the penetration capabilities 

of the terahertz radiation.  
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Abstract- A spectroscopic study of pharmaceutical substances 
has been performed in the THz frequency range using a 
commercial terahertz time-domain spectrometer (THz-TDS) 

configured in transmission mode. The measured samples have 
been already characterized in the terahertz frequency band, 
being the results available in the literature and used to validate 

our measurements. Furthermore, a subsurface imaging setup is 
presented using the THz-TDS spectrometer. A surface crack 
has been imaged through the surface of a ceramic material, thus 

verifying the penetration capabilities of the terahertz radiation 
on high dielectric materials.  
 

I. INTRODUCTION 

 

Terahertz systems are nowadays accessible to chemical, 

alimentary and quality control laboratories. The price of such 

system has decreased due to the development and 

improvement of the femtosecond fiber laser, which currently 

is able to substitute the expensive Ti-sapphire femtosecond 

laser in many applications.  

Moreover, automatic balancing and stability 

compensation techniques have been developed to control the 

correct alignment of the laser and terahertz beams through 

the entire spectrometer path. Therefore, the system does not 

need to be mounted on an optical table and is portable and 

compact.  

The commercial spectrometer [1] used in our 

measurement setup includes the characteristics described 

above. It is compact, portable and can be placed in any 

position. Furthermore, the measurements can be carried out 

either in reflection or transmission geometry. The narrow 

pulses emitted by the spectrometer have a large spectral 

content approximately from 0.2 THz to 2 THz; hence images 

with depth resolution of few micrometers can be obtained 

using this system.  

On the one hand, this system has been used to 

characterize the absorption resonances produced by the 

crystalline structures of pharmaceutical substances, such as 

dexchlorpheniramine maleate, riboflavin and diclofenac 

sodium. 

On the other hand, surface and subsurface images from a 

dielectric material have been acquired, revealing the 

existence of a crack behind the surface of the material placed 

in front of the spectrometer.  

  

 

II. SPECTROSCOPIC CHARACTERIZATION 

 

A.  Characterization setup and sample preparation 

 

In order to perform absorption measurements, the 

spectrometer has been configured in transmission mode. In 

this configuration, the THz beam is focused on the sample, in 

a pellet form, with a combination of parabolic mirrors and 

polyethylene lenses. The samples have been prepared 

grinding the pharmaceutical substance into fine powder and 

mixing it with high density polyethylene (HDPE) to a total 

weight of 150 mg. Moreover, the mixture has been pressed 

with 20 tones of pressure to form a pellet of around 2 mm of 

thickness. 

The spectrometer has been purged using nitrogen gas to 

minimize the water vapor effects, because water vapor 

presents a high radiation absorbance at THz frequencies. Fig. 

1 shows two measurements of water vapor absorbance for 

two different values of humidity. This measurement has been 

carried out by modifying the environment humidity 

conditions while controlling its level using the humidity 

sensor, which is integrated on the system. Absorption peaks at 

0.56 THz, 0.75 THz, 1.14 THz, 1.41 THz and 1.69 THz are 

obtained, agreeing with the results obtained in [2].  

 

 

Fig. 1. Water absorption spectrum for 21% and 42 % of humidity. 

 

The level of water vapor has been reduced to 2% after the 

purge. Afterwards, the noise level of the system has been 

measured blocking the terahertz beam, therefore, the detected 

signal is the noise from the receiver stage. Using the value of 



  

 

noise, the dynamic range can be calculated. A reference 

measurement of the polyethylene pellets has been carried out 

in order to eliminate possible absorption lines introduced by 

this material. The noise and reference measurements are 

presented in Fig.2. From this picture, a dynamic range of 50 

dB is obtained at 1 THz. 

 

 

Fig. 2. Measurements of receiver noise and polyethylene reference. 

 

B.  Data processing and results  

 

A baseline appears in the absorbance measurements. This 

baseline is created due to scattering effects on the material 

that are dependent on the frequency. In order to properly 

compare results from various concentrations of chemical 

substances, an algorithm is applied to remove the baseline. 

Since the THz- TDS spectrometer gives information about 

the time evolution of the received pulse, the Fourier transform 

is calculated to obtain the spectrum. In order to retrieve the 

absorption characteristics of the sample, the obtained 

spectrum is corrected using the reference measurement. In 

this process, the contributions from the water vapor and from 

internal reflections are corrected.  

Fig. 3 shows the absorbance curves for two different 

concentrations of dexchlorpheniramine maleate, a 

pharmaceutical substance obtained from the medicine 

Polaramine, which is an anti-histamine drug. The 

measurement presents three absorption peaks at 0.53 THz, 

1.19THz and 1.38 THz. 

 

 
 

Fig. 3. Absorption spectrum of dexchlorpheniramine maleate. 

 

However, it is probable that these absorption peaks are 

caused by �-������	, one of the pharmaceutical excipients 

used in the fabrication of the medicine. In [3][4] can be found 

studies of �-������	 with similar results of those obtained in 

the Fig. 3. In [5], a numerical study of the �-������	 

molecule, results in a rotational mode at 0.525 THz, two 

translation modes at 0.993 THz and 1.110 THz , and a 

rotational mode at 1.32 THz.  

Fig. 4 shows the absorption spectrum for two different 

quantities of diclofenac sodium. In this case, the sample does 

not contain excipients. Two absorption peaks are revealed at 

0.96 THz and 1.35 THz. In this case, a clear dependence of 

the absorption with the quantity of the sample substance is 

observed.  

 
 

Fig. 4. Absorption spectrum of diclofenac sodium. 

 

A measurement of a pure riboflavin, which is the B2 

vitamin, sample has been carried out. Two different quantities 

of 10 mg and 30 mg have been measured. The obtained 

spectrums show a possible characteristic double peak close to 

1.04 THz and 1.18 THz, and a third peak at 1.51 THz. 

Takahashi et al., has measured riboflavin in the terahertz 

frequency band obtaining peaks at 1.03 THz, 1.18 THz and 

1.52 THz [6]. 

 

 
 

Fig. 5. Absorption spectrum of riboflavin. 

 

 

 

 

 

 



  

 

 

III. TERAHERTZ SUBSURFACE IMAGING 

 

A.  Measurement setup 

 

The spectrometer can be configured in reflection mode by 

placing an accessory module that transmits and receives the 

electromagnetic radiation using a unique lens. In this 

configuration, the system allows to acquire data in real time 

with a dynamic range of around 25 dB and a repetition rate 

greater than 7 Hz. This value of dynamic range can be further 

improved if the measurement is averaged. The depth 

resolution is approximately 75 µm, if 2 THz of pulse 

bandwidth are considered.  

Fig. 6 shows the setup configuration used to acquire the 

images presented in the following section. An optical 

breadboard has been used to fix the spectrometer. The sample 

is held on 3D stage composed of three independent linear 

stages. The sample is displaced in the Z direction to place the 

surface of the focal point of the lens. At this point, the 

measured beam waist is 170 µm, leading a pixel resolution of 

340 µm. 

 

 

  

Fig. 6. Photograph of the setup geometry. 

 

 The raster imaging is performed by displacing the 

sample in X and Y directions each 254 µm, below the 

measured spatial resolution.  

 

 

Fig. 7. Photograph of the ceramic block used as a sample. Both image areas 
are presented as rectangles in the photograph. The shape of the crack has 

been depicted on these areas. 

Fig. 7 shows the sample of ceramic dielectric material of 

dielectric permittivity of 
� � 13 (measured in X band). The 

dimensions of the sample are 29x33 mm with a thickness of 

2.4 mm. A crack of approximately 2 mm of width has been 

cut on the surface with a depth of around 0.5 mm. 

Two types of imaging have been performed. A surface 

image giving information about the sample topology in front 

of the lens has been obtained. In this case, the image has been 

reconstructed using the first reflection of the transmitted 

pulse. In the second type of imaging, the image has been 

acquired using the second reflection of the transmitted pulse. 

Therefore, this image gives information about the shape of 

the opposite face of the sample. Both measured areas are 

shown in Fig. 7, where the crack shape profiles help to 

understand the images presented in the following section. 

 

B.  Measurements analysis 

 

The analysis of the obtained measurements and images is 

performed. Fig. 8 shows two reflected signals in temporal 

domain from two different pixel positions when looking at 

the front face of the sample. The blue line corresponds to a 

reflection produced when the focus of the lens is pointing to 

the flat surface whereas the red line corresponds to a 

reflection produced when the pixel retrieved is place inside 

the crack. The latter is delayed by 3.5 ps, agreeing with a 

crack depth on the order of 0.5 mm. Moreover, a significant 

reduction of the amplitude is observed between two 

reflections due to the scattering produced by the irregular 

shape of the crack.  

 

 

Fig. 8. Reflected signals from a pixel on the surface of the simple and from a 
pixel on the crack (blue and red lines respectively). 

An image has been reconstructed using a 20x10 pixel 

measurement. Fig. 9 shows the surface shape of the sample 

around the crack. The processing of this image is based on 

taking for each pixel the amplitude value where the reflection 

produced by the transition air-flat surface occurs. The crack is 

observed with the shape depicted in Fig. 6. 

 

 



  

 

Fig. 9. Image obtained when using the first reflection on the sample surface. 

Fig. 10 shows the signal reflected in the transition from 

the surface to the air in blue color, whereas the signal 

reflected in the transition from the crack to the air is depicted 

in green. A delay of 16 ps exists between both reflections. 

Using the relative permittivity of the material, this delay is 

translated to 0.6 mm of crack depth. 

 

 

Fig. 10. Reflected signals from a pixel on the opposite face of the simple and 
from a pixel on the crack (blue and red lines respectively). 

 

Fig. 11 shows a reconstruction of the measured pixels 

when the response is taken at the time instant of the reflection 

produced in the transition between the flat surface and the air. 

The crack shape is recovered. This image verifies the 

penetration capabilities of the terahertz radiation, being 

capable of penetrating 2.5 mm of high pemittivity material 

with around 14 dB of SNR averaging during 6 seconds. A full 

subsurface image of 20x10 pixels can be ideally recovered 

with this system in 20 minutes.  

 

 

Fig. 11. Subsurface image obtained when using the second reflection in the 
opposite face of the sample. 

 

IV. CONCLUSIONS 

A commercial terahertz time-domain spectrometer has 

been used to perform a spectroscopic characterization of 

pharmaceutical substances. The spectral absorption lines of 

three pharmaceutical substances have been characterized 

from 0.2 THz to 2 THz. Moreover, a subsurface imaging 

setup has been built using the spectrometer in reflection 

configuration. To reconstruct an image of the surface of a 

ceramic material, the first reflection of the transmitted pulse 

has been used. Moreover, a subsurface image of the opposite 

face has been obtained using the reflection between the 

sample and the air, revealing the existence of the crack 

imaging through the surface with depth resolutions of 75 µm 

and an acquisition time of 20 minutes.  
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Abstract— In this paper, a comparison between both imaging 
techniques is performed with the aim of integrating both in a 
single imaging system. It is expected that the combination of the 
coherent and incoherent radiation in active and passive operation 
will offer improved detection and identification of concealed 
objects. An interferometric radiometer and an active mills-cross 
have been studied as near field imaging systems. The main 
parameters have been simulated to foresee their performance as 
image scanning systems. Moreover, a T-shape active imaging 
system has been built and measurements have been done in order 
to test and assess the performance of this imaging geometry.  
 
 

I. INTRODUCTION AND BACKGROUND 
CTIVE and passive imaging systems offer different 
advantages in terms of performance and scene 

visualization. The scene coherent illumination of active 
systems allows fast acquisition times, however the images are 
affected by speckle noise  limiting its interpretation.  On the 
other hand, passive systems receive the very weak signal 
radiated by the scene, needing large integration times to 
achieve proper radiometric sensitivities but are not affected by 
speckle noise.  

Prior to the prototype development [1], several simulations 
have been performed for both system topologies to assess the 
requirements in terms of number of antennas, antenna spacing, 
required bandwidth and other performance parameters 
described in the following section.  

To validate the concept a prototype has been developed; 
first we have focused on the active setup, due to the simpler 
implementation thanks to the use of the network analyzer 
either as a transmitter or receiver. The passive system which 
will be further combined with the active results is currently 
being developed.  

The measurement results for the T-shape are shown in the 
last section of the paper. Comparing both the simulated and 
measured images, a similar behavior can be observed.  

 

II. GEOMETRY AND OPERATION PRINCIPLES 

The scheme for the interferometric passive acquisition and 
image reconstruction is shown in Fig.1a. The system is based 
on a cross shape array which works in receiving mode and 
obtains an image of the apparent brightness temperature 
radiated by the scene under test. The array elements are 
followed by a downconverter to allow a digital correlation of 
the base-band noise corresponding to all the antenna pairs. 

Finally using an imaging algorithm that includes an 
appropriate compensation of the near-field phase distortion the 
image is obtained. 

 
Fig.1b depicts the scheme of the active system, which uses 

the same sensing geometry. The vertical array elements are 
used sequentially in transmitting mode in order to illuminate 
the scene. For each transmitting antenna the scattered fields by 
the scene on the horizontal array elements are measured. The 
scattering matrix is processed by a computer in order to image 
the scene spatial domain with a focusing operator [2]. 

 
                                                                 a)                                                  b) 
 
 
 
 
 
 
 

Fig.1: a) Passive configuration: Interferometric Radiometer b) Active 
configuration: Mills-Cross 

III. SIMULATION RESULTS 

For the passive system the simulation scene, Fig.2, consists 
of a differential-temperature target of 1x1m. The array 
dimensions are 24.6 x 24.6 cm, working at 94GHz, antenna 
spacing of 1λ, and 77x77 antennas. The estimated resolution 
of the system is 1 cm at a distance of 1m. The shape of the 
objects can be recovered, showing the capability of the system 
to image the objects of interest. 
                                                                a)                                                               b) 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.2: a) Target scene of 1x1m. b) Reconstructed image using 77 X-axis and 
   77 Y-axis antennas at a distance of 1 m.  

 
 For the active system the simulation scene, Fig.3, comprises 
the values of reflectivity for both the background and objects; 
following a Gaussian distribution and differing 6 dB. The 
array, as in the case of the passive setup, has 77x77 antennas. 
The original scene can be retrieved. However, due to the 
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coherent nature of the system performance, the speckle noise 
can be noticed.  
                                                          

                                                          a)                                                       b) 
 
 
 
 
 
 
 
 
 
 
 

Fig.3: a) Target object of 1x1m. b) Reconstructed image using 77x77   
antennas at a distance of 1 m. 

IV. MEASUREMENT SETUP 
To assess the Mills-cross simulations results, a similar 

geometry of exploration has been implemented, a T-shape is 
used instead of a cross-shape. The reason for changing the 
array geometry is to avoid the crossing of the two axis in the 
laboratory implementation of the measurement set-up. Fig.4 
shows the setup and the scene under test used to perform the 
measurements.  

The scenario being imaged consists of a bottle of water 
performing as a human body, a file simulating a weapon, and a 
T-shirt covering the scene in order to conceal the target, as 
shown in Fig.4b. In this case the target is placed at a range 
distance of 35 cm. 

The setup to perform the image reconstruction consists of a 
horizontal linear stage which moving in steps of a wavelength 
creates a synthetic linear array used in transmitting mode in 
order to illuminate the scene by means of the network analyzer 
(VNA). The transmitted power is amplified to 13dBm from 90 
GHz to 98 GHz using a medium power amplifier. For each 
transmitting point the scattered fields by the scene on the 
synthetic vertical array are measured with the VNA. The total 
number of positions of each linear stage is 60, considering a 
spacing of 1λ, and a minimum wavelength of 3,06mm leads to 
a travel range of 18.3cm.  

 
  a)             b) 

     
 

Fig.4. Imaging system based on a T-shape array. a) Geometry of exploration 
and imaging phantom. b) Scenario under test without the T-shirt, in order to 
visualize the target.   
 
 

V. MEASUREMENT RESULTS 

Fig.5 a shows the recovered image obtained from measuring 
the phantom. A focusing algorithm is applied to retrieve the 

image using the full system bandwidth (90-98 GHz), including 
a Hamming windowing of the imaging aperture and a time 
gating. The aperture windowing is used in order to reduce the 
impact of the sidelobes on the image. However, it degrades the 
resolution of the system.  

Moreover, a time gating is used to subtract the mutual 
coupling between both antennas. Only the received signal 
corresponding to a time interval including the reflection of the 
target is processed. With this method, the background noise is 
reduced and the appearance of undesired artifacts in the image 
is avoided.   

In Fig.5a the retrieved image from the phantom is 
presented. A vertical straight line is seen in the image 
corresponding to the reflection of the frontal face of the water 
bottle. This strong reflection is produced due to the high 
permittivity of water in this frequency range.  

An image of the file placed in front of the phantom and 
covered with a T-shirt is presented in Fig.6b. The T-shirt is 
penetrated and both the reflection of the water bottle and the 
reflection of the file are shown in the image.   

  a)             b) 

  
Fig.5. Retrieved images from two scenes: In a) only the phantom has been 
measured and processed whereas in b) a file is placed in front of the  
phantom and covered with a T-shirt. 

VI. CONCLUSIONS 

Two imaging systems approaches, active and passive, have 
been presented. Simulations for each setup have been 
performed in order to study the response of each geometry of 
exploration. The capability of the system in recovering the 
target has been validated.  

Next work to be performed will focus on the interferometric 
radiometer measurements. Once fulfilled we will combine 
both results in such a way to improve the final retrieved 
images    

REFERENCES 
 

[1] Markus Peichl, H. Suess, and M. Suess, “Microwave imaging of the 
brightness temperature distribution of extended areas in the near and far 
field using two-dimensional aperture synthesis with high spatial 
resolution”, Radio Sciende, Volume 33, Number 3, May-June 1998. 

 
[2] Antoni Broquetas, Josep Palau, Luis Jofre, Angel Cardama,“Wave Near-

Field Imaging and Radar Cross-Section measurement” IEEE transactions 
on antennas and propagation, VOL. 46, NO. 5, MAY 1998. 


	2010FI_B 00419_memoria.pdf
	Memòria justificativa de recerca de les beques predoctorals per a la formació de personal investigador (FI)
	El trabajo de investigación realizado durante el periodo de disfrute de la beca FI se ha basado en adquirir y desarrollar componentes para la creación de un laboratorio de ondas milimétricas y terahercios en el departamento TSC de la UPC. Una vez se h...
	Sistema de caracterización de materiales
	Este sistema se basa en utilizar el analizador de redes para caracterizar materiales en la banda de frecuencia de 75 GHz a 110 GHz. El objetivo de este sistema es la medida de características del material como la permitividad o la atenuación. Los equi...
	Fig. 1. Caracterización de la concentración de agua de un trozo de embutido
	Sistema activo de adquisición de imágenes
	A 94 GHz se presenta un compromiso entre capacidad de penetración de materiales y alta resolución espacial que hace de esta banda apropiada para sistemas de imagen de seguridad en tiempo real. La ropa de un individuo es totalmente transparente a estas...
	Fig. 2. Imagen de un objeto metálico escondido debajo de una camiseta
	(a)               (b)
	Fig. 3. (a) Radiometro de potencia total con reflector. (b) Simulación de las capacidades de escaneo del radiometro
	Fig. 4. Imagen preliminar de temperaturas de una persona sentada en una silla obtenida con el radiometro
	Fig. 5. Sistema de imagen tomográfico en el dominio del tiempo a frecuencia de terahercios

	ursi2009-THzfinal.pdf
	Introduction
	STATE OF THE ART
	Time domain systems
	Frequency domain systems

	A PROPOSAL FOR THE UPC SYSTEM
	Conclusions
	Acknowledments
	References

	ursi2009-MMWfinal.pdf
	EUCAP2010_PID1131491.pdf
	Terahertz Spectroscopic characterization-Nova.pdf
	IRMMW-THz.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


