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Abstract

The sub-millimetre wave region withholds many interesting properties that
can be used for imaging. Common packaging materials are transparent
making package inspection possible without the use of ionising radiation.
Contrast can also be seen between healthy and diseased tissue for some
common forms of cancer. Many other biomedical applications are still un-
explored making it an interesting research topic. A study of common system
topologies are presented together with an imaging system built with in-house
components. The imaging system is adopted for the use of a microwave to-
mography image reconstruction algorithm. System characterisation data are
presented, the usable bandwidth is 6.5 % centred around 337 GHz. Mea-
surement repeatability and long therm stability is also evaluated, concluding
that the system most likely is good enough for use with the image recon-
struction algorithm. Furthermore test images are presented.
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1 Introduction

Terahertz frequency radiation is typically defined to be in the region 0.1 −
10 THz. Since it lies between the infrared and microwave regions in the
electromagnetic spectrum it has many interesting properties that can be
useful for imaging purposes. Common packaging materials are transparent
making non invasive package inspection possible without the use of X-rays.
Cancerous tissue show a contrast in permittivity compared to healthy tissue
making the wavelength range an interesting candidate for future medical
equipment.

THz imaging has the potential to have a wide range of medical applica-
tions where it can improve and aid the detection and diagnosis of disease.
One example is a non-invasive method for detection of skin cancer. Time
domain systems have been tested to examine different skin properties, [1],
however some of the areas that can be improved are SNR and spectral res-
olution. Areas where frequency domain methods have an advantage. The
system being built operates as a CW heterodyne system thus providing good
SNR and spectral resolution. The image reconstruction will be done using
a microwave tomography algorithm adopted for use with the sub-millimetre
wave hardware. The image reconstruction algorithm provides the possibility
to have sub wavelength focusing with a large focal depth, thus eliminating
common problems with short focal depth and specular reflections.

Other examples of possible areas of implementation is non invasive sens-
ing and inspection in industrial processes or product verification. More
general information regarding the wavelength region 100 GHz to 1 THz as
well as more specific properties that are interesting for imaging can be found
in [2].

The thesis is a part of a collaboration between MC2, S2 and Sahlgrenska
in the research centre SSF Charmant.

The purpose of the thesis can be split into two tasks. To investigate
previous work and technology within the field of THz imaging and to create
an imaging system using in-house available components.

Cell slides containing cancer samples will be available through the col-
laboration with Sahlgrenska, making a sub-millimetre wave image of the
available samples is one of the goals of the work.

1.1 Thesis layout

The following short summary of the different sections is intended to serve
as a guide to the reader:

• Section 1 gives an introduction to the work and presents the goal.

• Section 2 gives a background and lists several imaging systems con-
structed by other groups. System topologies are summarised together
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with some common techniques for image formation.

• Section 3 lists some of the properties making the sub-millimetre wave
region unique. Finally some theory concerning the constructed system
is presented.

• Section 4 describes the evolution of the imaging system being built.
Various components included in the system are also described.

• Section 5 presents measurements done in order to evaluate the con-
structed system.

• Section 6 presents the results together with some images created during
the work.

• Section 7 summarises the work and the conclusions.

• Section 8 presents thoughts about possible future continuation of the
work.

1.2 Goals and requirements

The goals of the work are listed below:

• Investigate what can be done with in house available equipment.

• Test sub millimetre wave imaging using available equipment.

• Publish a scientific article within the topic.

• Characterise previously manufactured catadioptric lens at 340GHz.

• Image the cancer samples available through the collaboration SSF
Charmant.

• Summarise previous work within the field.

• Summarise different common technologies.

The requirements that needs to be completed are:

• Test sub-millimetre wave imaging using available equipment.

• Characterise previously manufactured catadioptric lens at 340GHz.

• Image the cancer samples available through the collaboration SSF
Charmant.

• Summarise previous work within the field.

• Summarise different common technologies.
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1.3 Delimitations

The work should be finished within one academic year corresponding to 60
hec. Available equipment should be used to as large extent possible, new
equipment can be bought if the cost is low or if it can be reused in other
projects.

Concerning the summation of previous work within the field the study
will be limited to systems and applications that share some similarities with
the constructed system, either in construction or in the field of application.
There ere already several excellent articles aiming at summarising the whole
field of THz imaging, see for example [3], [4], [5].
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2 Background

This section will give a brief background to the concept of THz imaging
and present a number of different THz imaging systems. A more detailed
description of the operation of the different systems are given in section 2.1
and 2.2.

Imaging can generally be done in passive or active mode where the
first relies on detection of an existing signal while the second illuminates
the imaged object and records the reflection or transmission. As indicated
two common forms of imaging are reflection and transmission imaging. In
transmission imaging the signal transmitted through the imaged object is
detected while reflection imaging detects the signal that the object reflects.

There are a huge number of imaging modalities, in this thesis emphasise
will mainly be placed on system used for biomedical examination and hidden
objects detection.

2.1 Passive imaging systems

This section will give an introduction to passive sub-millimetre wave imag-
ing. Requirements on radiometer systems operating with a high background
temperature will also be briefly discussed.

When doing passive imaging the contrast in the scene will arise from
the different radiometric temperatures in the scene. In a simple view of
it the parameters affecting the effective radiometric temperature, TE , are
the physical temperature of the object, TO, the emissivity, ε, the reflec-
tivity, ρ, and the radiometric temperature of the surrounding illumination,
TILLUMINATOR [6]. The equation for the effective radiometric temperature
can be written as:

TE = TS + TSC = εTO + ρTILLUMINATOR (1)

Where TS is the radiometric temperature and TSC the scattered radio-
metric temperature. The radiometric temperature is simply the product
of the emissivity and the objects physical temperature. The emissivity is a
function of the dielectric properties of the material, the angle of observation,
the surface properties and is also polarisation dependent.

TS = εTO (2)

The scattered radiometric temperature is the product of the reflectivity
and the radiometric temperature of the background illumination. Outdoors
the sky is usually the main source of background illumination and the sky
radiometric temperature is discussed in section 3.1 but is in general much
colder then surrounding objects at sea level.
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TSC = ρTILLUMINATOR (3)

One common situation in passive sub-millimetre wave imaging is when
a smooth metallic object, ε ≈ 0, is placed in front of something with much
higher emissivity i.e a knife hidden under clothes or a vehicle in front of
vegetation. For an indoor scene the metallic object will be seen as a shadow
on a background with higher radiometric temperature if the object is held
close to the skin and specular reflections from objects with higher radiomet-
ric temperature is avoided. Outdoors the metallic object is likely to reflect
the cold sky thus appearing to be colder in both scenes.

2.1.1 Radiometers

Cryogenic state of the art radiometers operate with equivalent noise temper-
atures much lower than the warm background seen in ground based imaging
situations. Room temperature receivers can therefore be employed in many
passive imaging scenarios by allowing a longer signal integration time. An
example of a passive image of a human holding a wrench can be seen in
Figure 1. The image thermal resolution is 0.25 ◦C and it is acquired using
a room temperature Schottky mixer operating at 640 GHz with a 10 ms
integration time for each pixel [7].

mixer [ I]-[2], local oscillator chain [3]-[5], IF amplifier 
and detector all mounted to a 2-axis rotation stage. The 
focusing mirror is mounted so as to provide a beam waist 
slightly in front of the mixer’s Pickett-Potter horn instead 
of at the beam waist of the hom. This results in the beam 
being slightly focused down at the subject instead of 
remaining parallel. 

The mixer block is a subharmonically pumped double 
sideband planar design developed for the Microwave 
Limb Sounder instrument onboard the Earth Observing 
System Aura satellite, scheduled for launch in March 
2004. The block was designed for a center frequency of 
642 GHz and has an integrated 6-18 GHz IF amplifier, 
yielding conversion bands of 624-636 and 648-660 GHz. 
Since the 2 converted bands are folded onto each other in 
the mixing process, the pre-detection bandwidth is one- 
half of the converted spectrum, or 12 GHz. 

This 6- 18 GHz IF signal is fed to a second high-gain IF 
amplifier and crystal detector, which in turn is read by a 
lock-in amplifier. By chopping the input signal to the 
mixer, only the difference in received power between the 
subject and a fixed RF load is measured. As a result, all 
drift in the mixer, LO, IF amplifiers and detector is 
cancelled. 

The system was calibrated by recording the lock-in 
amplifier output voltage (corresponding to detected 
power) with the receiver beam terminated in an 
EccosorbB load at 295 and 78 K. Radiometric noise 
temperature was then calculated using 

where TR is the noise temperature to be calculated, TH 
and T, are the temperatures of the calibration hot and 
cold loads with corresponding measured powers PH and 
Pc , and P,,,, is the power measured from the subject. 

The rotation stage scans the receiver beam in a raster 
pattern, alternating the horizontal scan direction on each 
vertical increment. Any significant latency in data 
acquisition could be seen as a alternating shift in image 
data between adjacent horizontal scans. A lock-in 
amplifier integration time of 10 milliseconds was used, 
yielding a theoretical acquisition speed of 100 points per 
second. However, some shifting of the data between 
adjacent scans was noticed at this speed, so the scan speed 
was set lower by a factor of 20 to completely assure good 
registration of the data. 
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Fig. 2. 0.25” resolution image of body heat passively acquired 
at 640 GHz. A metal wrench held underneath the shirt can be 
seen as a dark shadow on the left side. 

111. PASSIVE MEASUREMENT RESULTS 

The measurement system was tested on an ordinary 
human subject with a crescent wrench hidden undemeath 
the subject’s shirt. 

The acquired images were taken with the lock-in 
amplifier integration time set to 10 milliseconds. At this 
integration time, 6500 pixels could be acquired in 25 
minutes, with an experimental RMS noise level of 0.69 K. 
This is within a factor of 2 of the prediction from the 
radiometer equation for a noise temperature of 3600 K 
double-sideband. The difference is partly explained by the 
chopping, which effectively halves the observation time in 
each reading.. With the pixel size now less than the beam 
diameter, another scan was performed with the subject 
holding a crescent wrench underneath his shirt. Fig. 2 
clearly reveals a “cold” object (around 299 K) in an area 
normally at 303-305 K. Fabric layers in the middle of the 
shirt (around -2 to -3” azimuth) can also be seen. 

IV. ACTIVE MEASUREMENT SYSTEM 
In order to enhance the ability to image hidden objects, 

particularly in outdoor areas where the ambient 
temperature is greater than body temperature, an active 
illumination source consisting of a 150-watt ceramic 
infrared heat emitter [7] was placed above and in front of 
the objects. This heat emitter has good emissivity in the 
submillimeter range, with a measured noise temperature 
very close to its physical temperature. The chopper wheel 

Figure 1: Passive thermal image of a human holding a wrench, acquired
with a 640GHz Schottky mixer[7].

A sensitive passive system built around a hot electron bolometer is pre-
sented in [8]. The setup operates by heterodyne detection at 850GHz and
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can clearly resolve a 1K temperature difference between two pieces of ab-
sorber.

2.2 Active imaging systems

In active reflection imaging the picture is largely dependent on specular
reflection, especially when it comes to metal objects with a surface roughness
that is small compared to the wavelength. In such cases the the angle of
incidence of both the transmitter and receiver is critical and the reflection
is only seen in a narrow viewing angle.

Transmission imaging on the other hand is mostly limited by attenuation
through the sample. Samples containing water or other polar liquids tend
to be very lossy while many dielectric materials that are opaque in the
optical region show relatively small loss in the THz region, a more detailed
discussion of sample properties can be found in section 3.1.1.

By employing modulation techniques that enables range finding, i.e. the
FMCW technique described in section 2.2.2, the dependance of the surface
reflectivity can be greatly reduced since the returned signal only needs to
be detectable within the instruments dynamic range in order to find the
distance to the target.

2.2.1 Multiplier based systems

There are more or less two approaches to sub-millimetre wave imaging.
When using microwave techniques the challenge is to increase the frequency.
When an optical approach is used the problem is the opposite.

Due to the lack of good fundamental electronic oscillators in the region
above some GHz a lower frequency signal is typically multiplied in a non-
linear device called a multiplier. The fundamental principle of the multiplier
is that if signal is feed to a non linear device the output will contain har-
monics of the input signal. By proper filtering the desired harmonic can be
extracted an used. Common non-linear devices used in the THz region are
Schottky and HBV diodes.

As receivers both bolometers and Schottky mixers are common. De-
pending on the system properties required the receiver topology may vary
from direct detection to heterodyning. The receivers are usually configured
in single pixel setups due to the difficulty and high cost of multi-pixel ar-
rays. However one emerging technology that might enable cheep focal plane
arrays is described in [9].

The simplest form of active imaging is when a CW transmitter is used to
illuminate the target and the reflected power level is recorded. An example
of such an image is shown in Figure 2 where a person hiding a handgun
under a shirt is imaged at 640 GHz. The specular reflection seen from the
handgun in the picture is relying on the fact that the image is recorded at
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close to normal incidence. A slight shift in viewing angle quickly makes the
gun unresolvable.

2948 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 55, NO. 11, NOVEMBER 2007

TABLE II
OPTICAL PROPERTIES OF 5 mm THICK EXPLOSIVES, SKIN, METAL, DENIM AND T-SHIRT

Fig. 5. Active and passive images (a) 94-GHz passive image: metal knife inside
newspaper, (b) 640 GHz active image: toy gun under cotton shirt.

give an active signature but as we go above 500 GHz this dif-
ference is reduced with skin and explosives on skin

. This decrease is due to the increase in emissivity
which will also give rise to increased absorption at-
tenuating any return signal from deeper layers.

Examples of active [30] and passive imagery are given in
Fig. 5. The passive 94 GHz image [see Fig. 5(a)] taken outdoors
illustrates how the image is dominated by reflection of the cold
sky. This gives rise to a strong target signature but also reflec-
tions off the shoulders and head. The active 640 GHz image [see
Fig. 5(b)] shows that a toy gun can be detected under a shirt on
the center of the chest. Speckle can also be seen in the image.
While the active image provides relatively good results under
the conditions in which it was taken, the atmospheric attenuation
at 640 GHz may limit target detection at ranges beyond 25 m.
The system used to collect the data used non-coherent tech-
niques. By applying a sufficiently wide bandwidth and prop-
erly demodulating the return signal, it would be possible to also
gather range, providing additional information to aid in detec-
tion. An additional benefit of using coherent detection methods,
besides providing range and improved integration gain, is that
a large dynamic range (100 dB) can be achieved which is very
important when searching for concealed objects which can vary
greatly in cross-section.

Active imaging may also use extended bandwidths to extract
spectral characteristics of materials which might in principle be
used to enhance the identification of dielectric materials. This is
further discussed in Section III-B.

Fig. 6. Terahertz absorption spectra of raw explosives TNT, HMX, PETN,
RDX and compound explosives PE4 and Semtex H.

B. Explosives

The absorption spectra of explosives in the THz region were
reported by Kemp [31] et al. in 2003 as shown in Fig. 6. The ab-
sorption of RDX at 0.83 THz should be noted and is potentially
a fingerprint within our band of interest.

These data have now been substantiated by other workers and
compared to results from far-infrared Fourier transform spec-
trometers, see for example Shen [32]. Yamamoto et al. [33] re-
ported the THz spectroscopy of C-4 confirming the lowest fea-
ture at 0.83 THz and others in the spectral region up to 2.7 THz
using a THz time domain system. Refractive index and absorp-
tion coefficient were measured for samples of thickness from
0.4 to 2.3 mm and an example is given in Fig. 7.

A Specac [34] Far Infrared Polarizing Michelson Interferom-
eter similar in design to that described by Martin and Puplett
[35] has also been used to determine the optical properties of
explosives in the frequency range from 60 GHz (2 ) to
1.2 THz (40 ). This instrument can be used to measure
transmission, complex refractive index, and reflection. The sam-
ples were 50 mm in diameter and were either positioned close
to the detector for measurement of transmission or within the
fixed arm of the interferometer to measure the refractive index.

The complex refractive index for a rolled 5 mm thick piece
of PE4 (a similar composition to C4) was measured from 60 to

Authorized licensed use limited to: IEEE Xplore. Downloaded on February 9, 2009 at 03:52 from IEEE Xplore.  Restrictions apply.

Figure 2: Active image showing reflected power from a person with a hand-
gun hidden under a shirt, taken at 640GHz[2].

2.2.2 FMCW range-finding

By modulating the output from the measurement equipment as a linear fre-
quency sweep the distance to the target can be found by the frequency offset
created by the signals flight path. This technique is commonly known as
Frequency Modulated Continuous Wave radar or simply FMCW radar. The
FMCW radars range resolution is inversely proportional to its bandwidth
according to [10]:

∆r =
c

2∆F
(4)

Where c is the speed of light, ∆r the range resolution and ∆F the chirp
radar bandwidth. A radar bandwidth of 100GHz gives a theoretical range
resolution of 1.5mm.

The range to the target is found by examination of the IF frequency:

fIF =
2KR

c
(5)

Where K (Hz/s) is the chirp rate and R (m) the range to the target. As an
example a chirp rate of 250MHz/ms gives fIF = 7kHz at a target range of
4m. With the same chirp rate the difference frequency between two objects
separated by 1 cm would be 17Hz.

One of the commercial vendors of THz imaging systems is SynView
GmbH who produces imaging units operating in coherent FMCW mode.
The high frequency head operates between 230−320GHz giving a theoretical
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range resolution of < 2mm, see section 2.2.2. An example of a suitcase scan
is shown in Figure 3 [11]

THz radiation transmits through typical product packages and wrappings and allows the
evaluation of the contents, e.g. to check if the right amount of razors or DVDs has been packed.
The example shows the THz image of a resolution pattern, a video tape in its cover, a knife, a
mobile phone, two metal balls, a DVD in its cover, a pair of scissors, tablets with/without a
cardboard box, razor blades in a cardboard box and a game boy with loudspeaker.
As can clearly be seen, the SynViewScan  easily detects the contents of the packages. Further
improvement of the images and an automatic detection of the amount of objects is possible.
SynView customizes the THz imaging system to your specific application and delivers turn-key
solutions.

  

Contact us  for more information.

  

 1 / 1

Figure 3: A package inspection example created using SynViews imaging
system [11].

Another FMCW imaging system that uses the range information to im-
prove the image reconstruction is described in [12]. The system used is based
on multipliers and operate as a superheterodyne FMCW radar at around
600GHz. For focusing at standoff distances of 4m and 25m large off-axis
ellipsoidal reflectors are used, the main reflector is moved by a two axis ro-
tational stage in order to raster scan the scene. The system block diagram
is reproduced in Figure 4. The measured spot size and range resolution at
4 m is approximately 1 cm. Since it is possible to distinguish the distance
between multiple reflections a multilayered 3D image can be constructed.
Figure 5 shows how signal processing has been used to extract the first in-
terface, shirt, and the second reflection, gun and skin. The image is taken
at 4m standoff.

Another system that uses the FMCW technique for standoff imaging is
found in [13]. Besides using the FMCW approach the quasi-optical config-
uration is quite interesting since it uses a two axis rotating mirror to direct
the beam. This allows a scan speed of 9 seconds per image, the optics are
reproduced in Figure 6. Here a frequency divider is used used to create the
IF reference instead of a multiplier as in the previous system. A discus-
sion about different IF topologies enabling phase measurements is given in
section 3.2.3.
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Fig. 1. (a) Block diagram of 600 GHz radar imager. The transmit signal and
the receiver LO are generated by multiplying microwave sources by a factor of
36. A 2.5–3.3 GHz chirp, generated by a DDS/PLL synthesizer, results in a final
FMCW signal with a 28.8 GHz bandwidth. The submillimeter-wave multipliers
and mixer, designed and built at the Jet Propulsion Laboratory, are enclosed by
dashed boxes. (b) and (c) Radar photograph and optics schematic.

electronics is that a hybrid direct digital synthesis/phase-lock
loop (DSS/PLL) synthesizer is used to generate the chirped
signal, instead of a YIG synthesizer. The DSS/PLL is typically
ramped between 2.5 and 3.3 GHz in 12.5 ms. After upconver-
sion onto a synthesized 13.5 GHz signal, followed by 36
frequency multiplication, this results in a transmitted 576-604.8
GHz chirp with a rate MHz s. This chirp waveform
has a bandwidth of GHz. A radar’s range
resolution is inversely proportional to its bandwidth according
to the formula , where is the resolution,
is the speed of light and is the chirp radar bandwidth [5].
Therefore the system described here can theoretically attain a
range resolution of about 0.5 cm, roughly a factor of 2 improve-
ment over the previous system. Also, the 4 speed-up in the
attainable repetition frequency permits images to be acquired
more quickly. The use of a DDS-based synthesizer for FMCW
radar, rather than a YIG or VCO chirper, is usually motivated
by the high chirp linearity needed for high range resolution.
However, our 600 GHz radar exhibits intrinsic nonlinearities
from its submillimeter-wave components that are at least as
large as what a YIG or VCO would produce. Nonetheless we
found that the stability of the ramp waveform generated by the
DDS/PLL hybrid was superior to that of all-analog sweepers,
and waveform stability is the key figure of merit that permits
us to attain close to the bandwidth-limited range resolution of
0.5 cm by using a digital phase- and amplitude-compensation
algorithm for ramp nonlinearities [7].

Another improvement made to the imaging radar is that
the beam focusing and scanning is now accomplished by an

Fig. 2. (a) 3 mm gold-plated bead suspended by a thread. (b) 600 GHz scanned
radar image of the bead at 4 m standoff. Even the cotton thread is detected by the
radar. (c) Measured horizontal cross-section of the bead’s return power through
the bead center (solid) and the simulated two-way beam pattern of the main
antenna (dashed).

aluminum off-axis ellipsoidal reflector mounted on a two-axis
rotation stage. Using a precision-machined reflector fabricated
by Custom Microwave Inc., rather than a refractive Teflon
plano-convex lens, boosts the optical efficiency by approxi-
mately 8 dB due to lower absorption loss and the elimination of
reflection loss from the 2 cm thick dielectric lens [8]. Clutter
resulting from the lens backscattering was also eliminated.
Fig. 1(b) shows a photograph of the 600 GHz imaging radar
stage with a 40 cm diameter mirror installed. A beam diagram
is shown in Fig. 1(c). Upon leaving the transceiver the first null
beam width is 28 , and a secondary mirror deflects the beam to
the primary reflector for focusing on a target.

The ellipsoidal reflector was designed using the physical op-
tics simulation software GRASP (TICRA, Denmark) to achieve
a simulated diffraction-limited half-power beam width of 6 mm.
Owing to the two-way nature of the transceiver, the antenna pat-
tern is squared to yield an effective 3 dB imaging beam width
of 4 mm. Instead of performing a calibrated measurement of the
radar’s antenna pattern, we assessed its beam quality by imaging
a 3 mm diameter gold-plated bead suspended by a single cotton
threat at 4 m standoff. Fig. 2(a) shows a photograph of the scene
along with a ruler that was not present during the scan, and
Fig. 2(b) shows the range-gated received power of the bead on
a logarithmic scale. Each of the approximately 10 000 pixels in
this radar image was obtained using a 25 ms chirp and integra-
tion time, and the peak power received from the bead is about
60 dB above the receiver’s intrinsic noise floor and 50 dB above
the phase-noise-limited noise floor. Note that in Fig. 2(a) even
a single thread is detectable with an SNR exceeding 20 dB in
some places.

In Fig. 2(c), a cross-section of the measured bead signal in
Fig. 2(b) is shown along with the two-way (squared) antenna
beam pattern calculated by GRASP, and the match between ex-
periment and theory is excellent down to about 15 dB. Below
that, the discrepancies between the curves may be due to ef-
fects such as misaligned optics or the use of a target whose
cross-section is not small compared to the beam. Regardless, the
results of Fig. 2 prove that the 600 GHz radar imager is capable
of detecting targets with very high sensitivity and with sub-cm
cross-range resolution.

While cross-range resolution is a key figure of merit for a
two-dimensional imager, in a 3-D radar imager the range res-
olution is also critical. To assess the range resolution capabili-
ties of the 600 GHz imaging radar, a target was used with rele-
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Figure 4: a) System block diagram showing the multiplier based super-
heterodyne FMCW radar. b) Image showing the setup with the off-axis
ellipsoidal main reflector. c) Optics block diagram [12].
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non-ranging 640 GHz imager. However, unlike in [9], the con-
cealed handgun in Fig. 4(b) cannot be seen, aside from a slightly
higher region of reflectivity near the chest. This region of in-
creased reflection is not well-resolved spatially and is not signif-
icantly brighter than, for example, the shirt/skin-only reflections
near the subject’s right shoulder. This may be surprising because
the handgun surface is almost completely metallic, and hence
nearly 100% reflective, while skin and clothes typically reflect
only a few percent of the incident energy. However, unless a
smooth metallic surface is oriented almost exactly normal to the
beam direction, its backscattering coefficient will be extremely
small [5]. Separate tests we performed on flat, unpolished alu-
minum indicate that, for the geometry of our experiment, the
backscattering coefficient measured by our radar drops by more
than 60 dB after only a 2 rotation away from normal incidence.
Thus even for a metallic object such as a handgun, a near-normal
angle of incidence is required to form a discernable image when
using power-only measurements.

Fig. 4(c) shows another log-power image from the same data
set, but with additional digital filtering covering a bandwidth
of 8 kHz and corresponding to a range swath of 50 cm cen-
tered on the subject’s body. This filtering excludes the majority
of the clutter from the far wall and the close-in backscattering,
and as a result the image is significantly clearer than Fig. 4(b).
For example, the full outline of the subject is visible, including
low-reflectivity regions such as around the neck and much of the
face. However, in Fig. 4(c) there is little indication that the sub-
ject is concealing a handgun because even with the background
clutter reduction, the reflected power contrast across the target’s
body is still dominated by variations in the angle of incidence
between the beam and the target. The consistent lack of contrast
in reflected power from concealed guns or other objects we have
tested leads us to conclude that active single-pixel coherent sub-
millimeter-wave systems will exhibit limited detection ability
when operated in a power-only imagery modality.

As an alternative imaging approach, in Fig. 5 we demon-
strate how by neglecting reflectivity contrast and instead uti-
lizing the high range resolution capability of the radar, excellent
through-clothes imagery can be generated from the same raw
data set used in Fig. 4. The images in Fig. 5(b) and (c) were made
using a signal and image processing algorithm consisting of the
following steps: First, for each pixel of the image, the digitized
I/Q radar return signal is phase- and amplitude-compensated
to correct for chirp nonlinearities and then range-compressed
using the fast Fourier transform (FFT). This generates a power
spectrum with a frequency axis corresponding to absolute range
to the target. An example is shown in Fig. 5(a), which shows
the spectrum from a single pixel located about 12 cm below the
gun handle (see inset). Second, a peak-finding algorithm iden-
tifies potential targets based on their signal strength and peak
width exceeding certain thresholds, typically 20–30 dB above
the noise floor and 2–3 range bins, respectively.

The third and most important step is to identify the nearest
and farthest peaks for each pixel of the image, i.e., the ranges to
the first and the last object that the beam is scattered from during
its trajectory. For imaging people, the first object the beam usu-
ally encounters will be either an outer layer of clothing surface
or an exposed portion of the body. The last object encountered,

Fig. 5. (a) Power spectrum of individual pixel from dataset of Fig. 4. The
pixel location is indicated by a circle in the inset total-power image. Two peaks
exceeding threshold come from the subject’s shirt and body surface. (b) and
(c) Full 3-D reconstructions, after some additional smoothing, of the front and
back surface ranges consisting of the identified front and back peaks for each
pixel. The concealed handgun is visible as a bulge in the back surface.

provided the clothing is sufficiently transmissive at 600 GHz,
will be either the person’s body (through which terahertz radia-
tion does not propagate) or an opaque concealed object. For the
pixel highlighted in Fig. 5(a), the locations of the front and the
back peaks are indicated by arrows, and these correspond to the
subject’s shirt and skin. As already demonstrated in Fig. 3, sep-
arate layers as narrow as 1 cm can be detected with the high-res-
olution 600 GHz imaging radar. In this case, the shirt/skin gap is
about 4 cm and is easily resolved. Similar spectra are obtained
when the beam is aimed toward the gun, except in that case the
back peak’s range corresponds to the gun surface instead of the
skin surface.

The fourth and final step of the algorithm is to assemble the
front and back peak ranges, collected over the entire image,
into 3-D “front surface” and “back surface” reconstructions.
This step includes a smoothing routine to remove the occasional
spurious dip or spike in the surface reconstruction that usually
comes from misidentifying the front and back peaks. For ex-
ample, multiple reflections of the beam (i.e., multipath signals)
can generate a nonphysical peak at a range more distant than the
skin surface. These clutter signals are suppressed by reselecting
the front and back peaks after an initial surface construction in
a way that minimizes the range displacement between nearest
neighbors, followed by a uniform smooth over the entire sur-
face. This part of the algorithm is still being optimized with
the hope that more intelligent peak-selection may result in even
clearer images than those in Fig. 5.
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Figure 5: Left: first reflection encountered by the THz beam. Right: First
reflection from shirt removed to reveal the reflection from the skin and hand-
gun [12].
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2.1 Source/detector unit of the 645-GHz system

To generate the intermediate frequency fi, needed for heterodyne detection, the local
oscillator (LO) of the detector has to be slightly shifted in its frequency regarding to the
source frequency. A ramp generator (box with the saw tooth symbol in Fig. 2) drives a
voltage-controlled oscillator (VCO). We can omit the frequency sweeping for now and
assume that the control voltage and thus the VCO output frequency are constant at
about 18 GHz (we will come back to this point in the Section 2.5 on FMCW ranging). In
the source S the VCO signal is first frequency-multiplied by a factor of 6 to reach
108 GHz (W-band). It is then amplified, doubled and tripled in frequency to reach the
working frequency of 645 GHz. This frequency is emitted with an output power of
0.5 mW by a horn antenna. The radiation is then coupled into the quasioptical system via
lens L1.

After passing the whole quasi-optics twice, the radiation is coupled into the detector D
with lens L1. For heterodyne detection a 2nd frequency with a small frequency difference
between the signal received from the quasi-optical system (with frequency fr) and the
detector’s operating frequency (fd) is required. This difference frequency fi is generated
with an additional VCO (the upper one in Fig. 2, left side), running constantly at 875 MHz.
A divider chain, (denoted with /36) a low-pass filter (denoted with L/P), and an amplifier

Fig. 2 Setup of 645-GHz transceiver and the active 300-GHz system. Both consist of three parts: The
quasioptics, the source/detector units and the data acquisition unit. Inset: Image of the SynViewHead 300.
The different transceivers can be interchanged easily.

J Infrared Milli Terahz Waves (2009) 30:1281–1296 1283

Figure 6: System block diagram together with quasi-optical setup[13].

2.2.3 TPI, terahertz pulsed imaging

Terahertz pulsed imaging, TPI, is probably the most common form of THz
imaging. A general THz pulsed time domain transmission measurement
system is shown in figure 7. The system works by the principle that short
optical pulses excite currents in the semiconductor crystal whereby an elec-
tric impulse is radiated with a frequency content in the terahertz region.

Figure 7: A typical femtosecond pulsed THz measurement system [14].

One of the first reported THz imaging systems are [15]. A pulsed time
domain system was used to image an integrated circuit and map the water
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content of a leaf. Both images are reproduced in Figure 8 and figure 9.

Figure 8: An epoxy packaged IC circuit imaged using a time domain THz
imaging system in transmission mode [15].

Figure 9: A leaf imaged with a 48h interval showing the difference in water
concentration [15].

One vendor of a commercial systems is TeraView who supply systems for
both spectroscopy and imaging. Figure 10 shows the system that probably
later evolved to one of TeraView’s products. It was used in a study where
the skin properties of 20 persons where examined by time domain pulse
imaging. Three different areas on each person were measured repeatedly
during four weeks, one of the results was that the thickness of the stratum
corneum of the palm could be measured [1].

One of TeraViews areas of application is inspection of the coating of
medical tablets. A system specialised for that task is shown in Figure 11.

A THz imaging study of porcine skin burns is presented in [17]. The
contrast in the picture came from a difference in reflectivity between burnt
and unburned skin and was detected by a direct detection system operating
at centre frequency of 500GHz with a 125GHz, 3dB bandwidth. The author
also showed that it was possible to image through ten layers of dry medical
(cotton) gauze. The system used for the measurements is reproduced in
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Figure 10: Pulsed time domain THz measurement system used for in vivo
studies of human skin [1].

launched into separate optical fibers to link the
TPI core unit to the separate solid dosage form
scanning unit. After leaving the output from the
optical fibers in the solid dosage form scanning
unit, the laser beam is focused onto the gaps of the
photoconductive emitter and detector using an
optical lens. A modulated bias was applied across
the emitter electrodes, and the gated output signal
from the receiver was fed to a lock-in amplifier,
referenced to a modulation in the emitter bias. A
signal strength of>60 dB in the frequency domain
was demonstrated using time-gated and lock-in
detection.19

The generated terahertz output from the emit-
ter is coupled into free-space using a high-
resistivity silicon lens, which, in combination with
silicon probe optic, allows the terahertz beam to be
focused to a diffraction limited spot. The focus of
the terahertz spot is incident on the solid dosage
form under test, 5 mm in front of the silicon optic.
The reflected light from the solid dosage form is

collected by the same silicon optic, and coupled
from free-space into the receiver, using a second
silicon lens in contact with the rear of the receiver
chip. All terahertz generation and detection
components together with the optics are
assembled into a probe unit (Fig. 1).

Scanning the solid dosage form over a laser
gauge by a six-axis robot arm produces a surface
map of the solid dosage form under test. This
profile of the solid dosage form surface is then used
to scan the solid dosage form across the terahertz
beamuntil the entire surface is covered, producing
a 3D terahertz image of the solid dosage form. The
terahertz pulses incident on a solid dosage form,
give rise to echoes or reflections from different
buried layers (for instance at the coating-API
interface).

Figure 1 shows a schematic diagram of the TPI
imaga2000 measurement. The terahertz pulse is
reflected first off the front surface and then from
any subsurface structure within the solid dosage
form resulting in multiple pulses returning to the
detector.

Data Analysis

Reflections or echoes arise whenever there is
either a chemical or structural change in the solid
dosage form leading to a change in the refractive
index and/or absorption coefficient of the material
in the terahertz. The signal to noise ratio asso-
ciated with the technique allows small changes in
refractive index to be detected and imaged.

Impulse functions are obtained from the raw
terahertz reflected waveform by deconvolving the
system response. The deconvolution is performed
by dividing, in the frequency domain, the raw
terahertzwaveformreflected from the solid dosage
form by a reference waveform recorded from a
mirror surface. A numerical bandpass filter is
applied to remove high- and low-frequency noise.
Using this simple deconvolution process the
terahertz pulse duration of <200 fs produces an
axial resolution of 38 mm depending on the refra-
ctive index of the material under investigation
(Fig. 2). For samples below this resolution limit the
measured values increase as the interface search
algorithm used for the analysis of the data cannot
locate a resolved peak in the terahertz waveform.
Any pixels that would fall into this range are
excluded from the terahertz image analysis.

With knowledge of the refractive index of the
coating material values of average coating thick-
ness as well as histograms and maps of coating

Figure 1. Schematic of the TPI imaga2000 system.
The insert shows a schematic diagram of the experi-
mental arrangement to examine coatings, in this case for
two interfaces. A reflected terahertz signal occurs
whenever there is a change in boundary conditions.
[Color figure can be seen in the online version of this
article, available on the website, www.interscience.
wiley.com.]
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Figure 11: TeraViews TPI system for tablet inspection, note that the THz
generation and detection is done inside the probe head [16].
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figure 12. The terahertz image of the second-degree burnt skin, imaged in
reflection mode can be seen in Figure 13.

Figure 12: System used to image second-degree skin burns [17].

spectively. The gauze thread pattern is visible in both
images, and the obscured skin burn is still visible.
The image does not suffer from speckle, clutter, and
other detrimental effects characteristic of narrow-
band imaging systems, and the features of varying
depths, such as the gauze and skin surface, can be
identified.

Recent experiments have shown that the interac-
tion between terahertz radiation and biological mate-
rials is accurately modeled using water content to de-
scribe the complex permittivity of tissues [11]. A
greater water fraction equates to a higher effective
dielectric constant and hence higher reflectivity. In
these experiments, the burned skin contains less wa-
ter and is therefore less reflective. The dark lines
running along the bottom of the UCSB logo in Figs.
3(b)–3(d) may be related to burn severity and may
even be a boundary between injured and uninjured
tissue. This feature has been observed on the burn
samples tested thus far using various brand shapes.
However, to the best of our knowledge, this feature
has not been reported in literature, and further in-
vestigation is required.

In conclusion, the ability to image partial-
thickness skin burns was demonstrated using a re-
flective terahertz imaging system. The difference in
water concentration between burned and unburned
skin was the primary contrast mechanism. Further-
more the imaging system had a high enough SNR to
facilitate high-quality imaging through as many as
ten layers of cotton gauze. The inherently broadband
spectrum of the photoconductive-switch illuminator
limited image degradation from speckle and other ef-
fects that plague coherent systems. The system oper-
ated in reflection with a 16 ms integration time, al-
lowing for the possibility of real time in vivo
terahertz medical imaging. In addition to distin-

guishing between burned and unburned skin, pre-
liminary evidence indicates that it may be possible to
image the gradient in water concentration surround-
ing the burn area that may not be detectable with
visible or IR wavelengths. This may help differenti-
ate the extent of a burn injury.

This work was sponsored by the Defense Advanced
Research Projects Agency Terahertz Imaging Focal
Plane Technology program (Mark Rosker), the U.S.
Army Research Office (Dwight Woolard), and U.S.
Navy grant N00244-07-1-0010.
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Figure 13: THz reflection image showing a second-degree burn wound [17].

2.2.4 THz imaging by optical beating

An all-optical continuous wave system is described in [18]. The THz radi-
ation is generated by photo-mixing two continuous-wave lasers which then
hits the semiconductor that works as THz source. CW transmission mea-
surements of archived cancer samples was performed to demonstrate that
the system could compete with state of the art pulsed systems. Since the
study was done 2002 it is uncertain if the comparison is still valid. The
system is shown in figure 14.

The imaged cancer sample is shown in Figure 15.
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Figure 14: A THz imaging system using the beating frequency of two lasers
for THz generation [18].
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Figure 3. (a) Photograph of the sample, a wax-mounted thin-cut canine’s basal cell tumour; object
size: 32 mm × 24 mm × 3 mm. (b) CW THz power transmission image at 1 THz.
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Figure 4. Relative power transmission measured over a line of pixel in pure wax (line 3 in the
THz image).

(standard deviation divided by mean, Fitzgerald et al (2002)), has to be considered. For an
evaluation of the image noise at least 40 pixels in an area of the image with homogeneous
properties should be analysed. The signal used for image formation in a CW system can either
be amplitude or phase. In our test measurement the relative power transmission for a line scan
over an area with pure wax at fixed y-position (line 3 in the THz image) is investigated. The
raw data are plotted in figure 4. A relatively high variation of the transmitted THz power can
be observed due to inhomogeneities in the sample. For the noise evaluation a section with
homogeneous characteristics (pixels 43 to 89 as indicated by the arrows) was chosen. The
image noise for the relative power transmission turns out to be 13:1 (corresponding to 26:1
for the field amplitude). This is comparable to numbers obtained with pulsed THz imaging
systems (Siebert et al 2002).

Figure 15: a) A wax-mounted thin-cut canines basal cell tumour, object
seise 32x24x3mm. (b) CW THz power transmission image at 1 THz [18].
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3 Imaging in the sub-millimetre wave region

This section will describe some general properties concerning imaging in the
sub-millimetre wave region and give a short description to some of the theo-
retical background on which the system construction is relying. The imaging
properties of water, different types of samples and propagation through the
atmosphere will also be discussed.

3.1 Imaging properties in the sub-millimetre wave region

Propagation attenuation through the atmosphere are at many frequencies
high in the terahertz region, however some windows exist. Figure 16 shows
the propagation attenuation for different weather conditions between 0.1−
1 THz. Fog is a condition in which millimetre wave imaging can have an
advantage compared to imaging in the optical region in terms of loss. This
is however only valid in the lower THz range since the attenuation above
406GHz in clear conditions exceeds that of fog in the visible region [2].
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Fig. 2. Attenuation across the electromagnetic spectrum, at sea level, based on currently accepted models. , visibility,
water vapor, and water vapor.

Fig. 3. Atmospheric attenuation at sea level pressures for six different conditions of temperature, humidity, and atmospheric particulates.

TABLE I
CHARACTERISTICS OF WEATHER CONDITIONS USED IN Figs. 3 AND 4

tropical climates. Table I describes the characteristics of the at-
mospheric conditions that are represented in Fig. 3. In fact the
most adverse commonly occurring condition, other than torren-
tial rain which is not noted on the graph, is with conditions in

hot tropical climates or the “hazy, hot, and humid” days on the
east coast of the United States.

Fig. 3 also indicates that the windows in the atmosphere are
actually rather broad, below 300 GHz, and become less well de-
fined as attenuation increases and more absorption lines appear.
While the preceding three figures describe attenuation along a
path of constant altitude, it is important also to examine the ef-
fects of the layered atmosphere and the effects of pressure and
temperature variations with atmospheric condition. With pas-
sive imaging systems (see Section III), the apparent sky temper-
ature at the frequency of operation is an important consideration
for detecting objects with different reflectivities. Fig. 4 is a cal-
culation of the apparent sky temperature for the six conditions
shown in Table I. While the pressure, temperature, water vapor,
and other atmospheric conditions vary with respect to altitude,
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Figure 16: Atmospheric attenuation in the frequency range 100 MHz −
1 THZ[2].

The radiometric background temperature of the sky is associated with
loss and is plotted in Figure 17.

Water and polar liquids are highly absorptive in the THz range mainly
because of molecular vibration modes. As an example se Figure 18 where
it can be seen that the propagation loss through 30 µm of de-ionised water
already exceeds 40 dB.
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Fig. 4. Apparent radiometric sky temperature corresponding to the sea level
attenuations shown in Fig. 3.

there is a standard vertical profile that has been adopted which
is defined in ITU 835-3. The rain condition is treated as a cloud
deck extending from 1 to 3 km with rain below. The fog was rep-
resented as a layer 300 m thick with 100 m visibility. It is again
apparent that while passive MMW systems at 94 GHz may be
designed to exploit the sky as an illuminator, the available con-
trast is rapidly reduced as frequency increases, even under con-
ditions where optical systems function well. Again, the losses
associated with water vapor generally exceed those of fog and
4 mm/h rain.

Another issue that may impact some weapon detection sce-
narios is atmospheric scintillation. O’Brien [28] has conducted
a study of atmospheric variability in the region of 650 GHz and
has developed a model to predict its impact on imaging sensors.
He points out that the temporal variation is due to the fine struc-
ture of atmospheric water vapor and its effect can be predicted
with Liebe’s codes if the structure is known. Over the ranges
considered in this paper, it does not appear to represent a signif-
icant issue for weapon detection.

In summary, the most adverse environment to conduct secu-
rity scanning in would be conditions of high temperature and
humidity. Performance at moderate standoff may vary greatly
depending upon the weather conditions. If passive imaging is to
be conducted above 300 GHz, then sky temperature will only be
a concern in the coldest and driest conditions.

III. SIGNATURES

Any discussion of signatures with respect to the detection
of weapons and contraband must recognize the diversity of
imaging approaches in the region from 100 to 1000 GHz. For
this discussion we will divide these approaches into two major
classes, passive and active imaging. Passive imaging can be
described as the reception of the naturally occurring radiated
or reflected energy from the image scene. Active would then
be described by the reception of reflected energy transmitted
by a system-provided source. Passive imaging receivers can
be as simple as very broadband detectors and as complex
as narrowly channelized coherent receivers designed to look
at the spectral characteristics of the scene. Similarly, active

systems can use very broadband detectors with a non-coherent
illumination system or can progress in complexity to coherent
receivers tracking highly coherent modulated waveforms that
are spatially distributed thereby allowing high resolution three
dimensional imaging with very low speckle.

In either type of imaging system, the observed image is de-
pendent on the optical properties of clothing, metal and skin,
which are a function of their refractive index and can be de-
scribed in terms of their transmission , emissivity and reflec-
tion , which sum to 1 as shown in (1)

(1)

Typical values for metal, explosives and skin were reported
[29] for , and at 100, 500 GHz and 1 THz and are given in
Table II. This table has been updated taking into consideration
the work reported in Sections III-B–E. However the origin of
the target signature or contrast is different in passive and active
imaging.

A. Passive and Active Imaging

In passive imaging above 100 GHz the signature will be pro-
duced by the differences in emissivity and reflectivity between
skin and explosives or metal. When imaging outdoors the sky
temperature as described in Section II can impact on the detec-
tion performance by enhancing the apparent signature of highly
reflective items, such as metal weapons, if the imaging geom-
etry is correctly oriented.

Table II shows the reflectivity, transmission and emissivity
for various materials that are typical of the weapons detection
problem. Furthermore it shows how these values change with
frequency. As frequency increases, emissivity increases while
both transmission and reflectivity of non metallic objects tend
to decrease. Where emissivity dominates the optical properties,
the passive signature will become more a function of the phys-
ical temperature of the object, as in the infrared region of the
electromagnetic spectrum.

Active signatures will not be affected by the physical tem-
perature of the objects but will be dominated by the reflective
properties of the materials. The particular choice for illumina-
tion can have a significant effect on the quality of the image.
Using very narrow bandwidth transmitters can give rise to in-
terference effects such as multipath, speckle, and etalon effects.
While increasing the transmitter bandwidth provides some re-
mediation for these effects, spatial diversity can be more effec-
tive. If metal objects are significantly flatter than a wavelength
over an extended area, they will be very directional in their re-
flecting properties, which will provide very high contrast, but
over a limited angle. Spatial diversity of transmitter sources can
be helpful in reducing this specular effect. As the frequency in-
creases, the texture in the scene (e.g., the weave of clothing or
roughness of surfaces) will result in more diffuse scattering and
thus less specular responses and resulting in a “natural” image
such as we see in the visible, rather than an image dominated by
glint, such as is seen in active imagery around 100 GHz.

Table II shows that the difference in reflectivity at 100 GHz
between skin and explosives on skin will
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Figure 17: Apparent sky temperature in the 100MHz − 1 THZ region [2].

In contrast, dielectrics tend to be transparent in the frequency range
making many common packaging materials transparent. This gives an op-
portunity to perform i.e. non invasive package or bag scans without the use
of ionising radiation. Many more examples of non destructive testing and
evaluation using sub-millimetre wave radiation can be found.

3.1.1 Electromagnetic properties of samples

Given that water is so absorptive in the THz range medical examination will
only be possible at the surface of a biological sample. This means that in
vivo measurement are more or less restricted to examining the skin. For ex
vivo studies cell slices off different tissues can be examined in both reflection
and transmission mode depending on how the sample is prepared.

In [19] cell slides of human breast tumours were examined using pulsed
terahertz imaging. It was concluded that healthy tissue could be distin-
guished from cancer tissue with a correlation to optical examination of 82%.
Cancer samples do in general show a dielectric contrast of approximately
15 % compared to healthy tissue in the wavelength range.

3.1.2 Sample requirements

In [20] some information about the optical properties of human tissues in
the frequency range 0.5− 2.5THz can be found. To detect different regions
of a sample under investigation contrast in either or both refractive index
and attenuation needs to be found.

18



In order to be able to conduct the measurement the sample need to
be thick enough to provide a measurable phase change and still so thin so
the attenuation is acceptable. The phase change coming from variations in
relative permittivity is further discussed in section 3.2.5.

As seen in [20] the linear attenuation coefficient, µ(ω), varies with fre-
quency and type of tissue. The attenuation in de-ionised water is the highest
and will therefore be used as reference. At the lowest frequency specified,
500 GHz, µ(ω) is approximately 150 cm−1. Using equation 6 the propaga-
tion attenuation of the sample can be calculated. The results can be seen in
figure 18. The dynamic range of the measurement system and the measure-
ment mode, reflection or transmission, will determine the required sample
thickness. If a transmission measurement is performed through muscle tis-
sue and a 60 dB dynamic range is available the attenuation will most likely
need to be less than 50 dB corresponding to approximately 500 µm.

I(ω)

I0(ω)
= e−µ(ω)·d (6)
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Figure 18: Transmission attenuation through different tissues.

The dielectric constant of a slab of material through which a EM wave
is allowed to propagate can be calculated according to equation 7, see [21].
This technique uses the phase derivative as a function of frequency to deter-
mine the dielectric constant, εr, of the material under test. In section 3.2.5
the theoretical background as well as a more detailed description is given,
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however it can be concluded that if a 200 µm thick sample with a dielec-
tric contrast variation of ∆ε = 0.2 the phase derivative will be as small as
0.1◦/GHz.

ε =

(
δφ

δf
· c

360 · d + 1

)2

(7)

3.2 Theory concerning the constructed system

In this section the theory behind some of the key components and techniques
used in the constructed system section 4. Some microwave technology will
be presented together with a discussion about optics.

3.2.1 SSB up-converter

Here the operation principle of a SSB up-converter is described. The up-
converter can be configured in two ways as shown in Figure 19 and Figure 20.
The two setups operate as lower sideband, LSB, up-converter and upper
sideband, USB up-converter respectively.

m1(t)

m2(t)

fRF(t)fLO(t)fIF(t) 0o0o

90o 90o

Figure 19: Schematic of LSB up-converter.

The operation of the LSB up-converter can be described as follows:

m1(t) = cos(ωLO · t) · cos(ωIF · t) =

=
1

2
cos(ωLO · t− ωIF · t) + 1

2
cos(ωLO · t+ ωIF · t) (8)

m2(t) = cos(ωLO · t− π

2
) · cos(ωIF · t− π

2
) =

=
1

2
cos(ωLO · t− ωIF · t)− 1

2
cos(ωLO · t+ ωIF · t) (9)

fRF (t) = cos(ωLO · t− ωIF · t) (10)

The difference between LSB and USB operation is the orientation of the IF
hybrid. For LSB operation the LO and IF hybrids should be connected
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with the in-phase outputs to one mixer and the quadrature outputs to the
other. In the USB case the mixer that is connected to the in-phase LO is
connected to the quadrature IF . The derivation of USB operation is done

m1(t)

m2(t)

fRF(t)fLO(t)fIF(t) 0o

0o

90o

90o

Figure 20: Schematic of USB up-converter.

below:

m1(t) = cos(ωLO · t) · cos(ωIF · t− π

2
) =

=
1

2
sin(ωLO · t+ ωIF · t)− 1

2
sin(ωLO · t− ωIF · t) (11)

m2(t) = cos(ωLO · t− π

2
) · cos(ωIF · t) =

=
1

2
sin(ωLO · t− ωIF · t) + 1

2
sin(ωLO · t+ ωIF · t) (12)

fRF (t) = sin(ωLO · t+ ωIF · t) (13)

3.2.2 Quadrature demodulation

When two signals of the same frequency are fed to both the LO and RF
port of a quadrature demodulator two DC voltages will appear on the in-
phase and quadrature IF port respectively. Assuming that the LO port
is fed with enough signal power a change in amplitude on the RF port
will result in a change in the two DC output amplitudes. The I and Q
signals can be considered to be the real and imaginary vector in the complex
plane. Therefore the relative phase of the RF and LO signal as well as the
amplitude of the RF signal can be acquired directly at the I and Q outputs.

3.2.3 IF reference to enable vector measurements

The ability to measure both the phase and amplitude of the received signal is
critical for all imaging algorithms except simple power measurements where
only the received power is considered. In order to measure the absolute
phase a reference need to propagate through the measurement system. This
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section will describe two different ways of achieving this in multiplier based
measurement systems, to divide or multiply the reference. One other aspect
that is important to remember is to have phase coherence in the system in
order to cancel the phase noise of the microwave sources.

The first method described, the one used in the built system, is based on
division and can be seen in Figure 21. The microwave source f1 provides the
signal to the LO multiplier chain which in turn creates the sub-millimetre
wave LO drive, n ·f1 to the mixer. A part of the f1 signal is extracted in the
coupler and used as LO drive to the quadrature modulator. The quadrature
modulator together with the π

2 power splitter acts as a single sideband, SSB,
up-converter, described in section 3.2.1. The reference oscillator creates the
desired output frequency fREF which is available at one of the outputs.
fREF is also divided and by the same factor used in the multiplier chains and
feed to the quadrature power splitter. The output from the SSB modulator
will then be either f1+fREF /n or f1−fREF /n depending on the IF hybrid
orientation. After propagation through the transmit multiplier chain the the
transmitted signal signal will be n·f1+fREF or n·f1−fREF . Downconversion
of the received signal will yield a IF frequency of fREF . By comparing
the SIG output with the REF output the received amplitude and phase
can be extracted, see section 3.2.2 for an example. If the downconverter
is operated using fLO < fRF no spectrum inversion will occur. Another
system operating by this principle can be found in [13].

Xn π/2 1/n

fREF

REFSIG

f1
Xn

Figure 21: System block diagram where a divider is used to enable phase
measurements.

An other way of solving the same problem can be seen in Figure 22. The
technique has been used in [21] and [12] but was probably first described
in [22]. The first source feeds a signal with frequency f1 to the transmit
multiplier chain giving a transmitted frequency of n · f1. The second source
feeds a different frequency f2 through the receive multiplier chain giving a
LO frequency of n · f2. The resulting IF on the sub-millimetre wave mixer
output will thus be n · |f1 − f2|. The reference signal is created by mixing f1
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with f2 and thereby creating |f1 − f2|. The mixer output is then multiplied
by the same multiplication factor used in the other multiplier chains giving a
REF output of n·|f1 − f2|, the same as SIG. The mixing of the two sources
might seem unnecessary to create the reference frequency but is absolutely
necessary to achieve phase coherence through the system. If a third source
was used as a reference instead it would not be phase locked on the output
signal SIG.

Xn

f2

REFSIG

f1

Xn

Xn

Figure 22: System block diagram where a multiplier is used to enable phase
measurements.

It is also possible to use the SSB up-conversion together with the multi-
plication method, illustrated in Figure 23.

Xn π/2

fREF/n

REFSIG

f1
Xn

Xn

Figure 23: System block diagram where a multiplier and a SSB up-converter
is used to enable phase measurements.

In all the systems described above phase coherence is achieved thus can-
celling the phase noise of the microwave sources.
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3.2.4 Optics

This section will describe the different optical approaches considered during
the project. First some diffraction limited approaches and then two examples
enabling sub wavelength imaging. A simple explanation of the diffraction
limitation is that features in the imaged object smaller than λ, λ being the
wavelength of EM wave, can not be resolved at imaging distances greater
than λ.

First a catadioptric lens designed for operation at 108 GHz was evalu-
ated. A description of the lens can be found in [23]. Measurements presented
in section 5.1.4 concluded that a new lens needs to be produced for operation
at 340GHz.

Secondly a traditional quasi-optic approach using a Gaussian beam tele-
scope was evaluated. The gaussian beam telescope can be described as two
thin lenses separated by the sum of their focal distances. If the input beam
waist is placed in the foci of the first lens the output beam waist will appear
at the output foci magnified by the ratio of the lenses focal distance. One
important aspect is that the setup is frequency independent. The design of
such system is described in detail in [24], [25].

Finally it was decided that an image reconstruction algorithm originally
developed for microwave tomography at a collaborating department will
be used. Measurement data created with the aid of this project will later
be used for image reconstruction. The algorithm is of the full non linear
inversion type and uses a newton type algorithm to solve the non linear
optimisation problem. A detailed description of the algorithm is beyond
the scope of this work but the requirements it put on the system will be
described.

If a well known receive and transmit antenna are placed facing each
other the electromagnetic field solution between the antennas can be mod-
elled with great accuracy. If a dielectric object then is placed between the
antennas it will act as a scatterer of the EM radiation. If the antennas
are moved in relation to each other while repeated measurements are per-
formed the pertubated field solution, the field when the object is present,
can be measured. By applying some non-linear integral solving techniques
the properties of the dielectric scatterer can be estimated. More information
about image reconstruction techniques can be found in [26].

This approach puts both mechanical and electrical demands on the mea-
surement system. Firstly the shape of all objects in the imaging domain
needs to be well known. The positioning of the receiver, transmitter and
sample relative to each other needs to be known in the order of fractions of
a wavelength, in this case approximately 10 µm since the wavelength is in
the order of one millimetre. Finally the measurement accuracy and stability
of the measurement of amplitude and phase must be within a few % and ◦

respectively.

24



3.2.5 Determining εr by δφ
δf

If an EM wave is allowed to propagate through a slab of dielectric material
the phase will change at a different rate then if it was propagating through
air since the wavelength differs as a function of ε. Measurements at multi-
ple frequencies will give a phase derivative as a function of frequency. By
modifying equation 7 the expected phase change per frequency can be cal-
culated as shown in equation 14. As seen in Table 1 the phase derivative as
a function of frequency, in ◦/GHz, is relatively small for thin samples. For
a sample 200 µm thick a dielectric contrast of ∆ε = 0.2 results in a phase
derivative of only 0.1◦/GHz. To determine such contrast the measurement
equipment need to have a large bandwidth and good accuracy for relative
phase measurements.

δφ

δf
=

(
√
ε− 1) · 360 · d

c
(14)

ε\d[mm] 0.02 0.2 2 20
1 0 0 0 0
2 0.0099 0.0994 0.9941 9.9411
2.1 0.0108 0.1078 1.0779 10.7793
2.2 0.01168 0.11598 1.1598 11.5978
3 0.0176 0.1757 1.7569 17.5692
5 0.0297 0.2967 2.9666 29.6656
10 0.0519 0.5190 5.1895 51.8947

Table 1: δφ
δf in ◦/GHz as a function of slab thickness and dielectric constant.
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4 Construction of imaging system

In this section the development of the measurement system will be presented
starting from the preceding 100GHz scalar system and continuing with the
development off two versions of the current 340 GHz vector measurement
system. An intermediate 340 GHz scalar setup is also included. The de-
sign of the mechanical components including antenna fixtures and various
mounting details are briefly described. The chosen focusing method is also
presented.

4.1 Preceding 108 GHz scalar system

A previously constructed system serve as the basis of this work. The system
was built with a X3 HBV multiplier as signal source and used an Ericson
PM4 calorimeter as receiver, the system is reproduced in Figure 24 and
presented in [23].

BANIK et al.: MILLIMETER WAVE CHARACTERIZATION OF A CATADIOPTRIC LENS 681

Fig. 2. (a) Simulation setup for the lens-horn configuration and intensity plot
at the focal plane. (b) Simulated intensity plot along E-plane and H-plane. The
simulation was performed at 108 GHz.

0.45 million meshcells. Fig. 2(b) illustrates the simulated nor-
malized intensity plot at 108 GHz along E-plane and H-plane
where a focus region is observed. Fig. 2(a) also shows the nor-
malized intensity plot at the focal plane. At this frequency, the
lens diameter is or where
is free space wavelength and is the wavelength in
MACOR.

III. CHARACTERIZATION OF THE LENS

Fig. 3 shows the characterization and transmission mea-
surement setup. The source consists of an Agilent E8257D
PSG signal generator, a Spacek high power amplifier and a
Heterostructure Barrier Varactor (HBV) tripler [9]. The source,
set to 10 mW output power, was used to feed the lens, coupled
via a conical standard gain horn (W-band). An open-ended
rectangular waveguide probe, connected to an Erickson Power
Meter (PM2), was used as the RF-detector. In order to reduce
standing waves, a knife-edge profile for the waveguide probe
was realized by thinning the sidewalls using a file. For nearfield
mapping, the probe and the power meter were mounted on a
computer-controlled 3-axis stage. In other cases, objects under
investigation were mounted on the stage.

Fig. 4(a) shows the normalized intensity plot in dB at
108 GHz along Z axis attained by simulations and measure-
ments. In order to account for the probe, simulations were
also done placing a probe at different positions along Z axis
and normalized (in dB) is plotted. The measurements
were done at 0.1 mm steps. Both the simulated and measured
profiles indicate focus regions at and 12 mm.
However, from the practical application point of view, the
foci at the farther points are more interesting. Moreover, the
simulated intensity plot, shown in Fig. 2(b), indicates that the
second focus is more radially symmetric and well-defined.
Fig. 4(b) shows the simulated and measured lateral intensity
profiles along E-plane and H-plane at . The figure
indicates that the lens provides 3-dB spatial discrimination at

2 mm or . The agreement between measured and
simulated intensity profiles is reasonable. The discrepancies
can be attributed to the uncertainties of the material parameter

Fig. 3. Characterization and measurement setup.

Fig. 4. Simulated and measured nearfield pattern at 108 GHz along (a) Z axis,
and (b) E-plane and H-plane at .

Fig. 5. (a) Edge spread function (ESF) and (b) point spread function (PSF).

(MACOR), horn model, lens-horn interface and to perturbation
of the nearfield while using the probe.

In order to determine the focal diameter and the edge spread
function (ESF) of the lens-horn, the edge of an aluminum screen
was moved across the focus . The 10%–90% rise
in the transmitted power occurs over , which provides
a measure for the focal spot size [10]. Fig. 5(a) shows the ESF.
Line spread function (LSF) was derived from ESF, normalized,
fitted to Gaussian distribution and was obtained. As-
suming rotational symmetry, point spread function (PSF) was
constructed from LSF. Fig. 5(b) shows the PSF.

In order to study the resolution, a metallic pattern was made
having holes ranging from 1 mm to 3 mm with 0.25 mm steps.
The holes are spaced at 5 mm from each other. Fig. 6(a) shows
the photograph of the metallic pattern. The pattern was im-
aged at 108 GHz using the setup illustrated in Fig. 3. Fig. 6(b)
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Figure 24: Preceding 108 GHz scalar system [23].

The focus was achieved by the combination of the catadioptric lens and
the receive waveguide probe. Raster scanning of the sample was achieved by
mounting the sample to a computer controlled mechanical stage and thereby
moving it in the plane between the transmitter and receiver. The large
drawbacks with this approach is the long time constant of the calorimeter,
in the order of seconds, and the lack of phase information in the received
signal.
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4.2 Scalar 340 GHz system

As an intermediate step in the construction of the vector measurement
system a scalar 340 GHz system was constructed. It uses the same sub-
millimetre wave components as the final systems in section 4.3 and 4.4. As
receiver a room temperature subharmonic Schottky mixer was used, the re-
ceived signal was detected by a commercial microwave power meter. The
mixer LO drive signal was provided by a HBV quintupler fed by a microwave
synthesiser and a power amplifier. The illumination signal was in turn cre-
ated by a chain of Schottky multipliers and amplifiers. The specific receiver
used is described in [27] and a more general summary of THz sources can
be found in [28]. The System is reproduced in Figure 25.

Detector X
Y

Transmit hornWR03 open WG probe

Sample

X2 X3 X2X2X5

Figure 25: Scalar 340GHz imaging system

The same mechanical stage as described in section 4.1 was used for mov-
ing the sample. A picture of the complete setup is shown in Figure 26.

Figure 26: Picture of the measurement setup including the mechanical stage.

4.3 Schottky based 340 GHz vector measurement system

To compare different multiplier technologies two measurement systems were
constructed, one using Schottky and one using HBV millimetre wave multi-
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pliers. It should be noted that other multiplier technologies are used at the
lower frequencies in the system. This section presents the Schottky version
and the HBV based solution can be found in section 4.4.

The system block diagram, shown in Figure 27, reveals that the sub-
millimetre wave multiplier chains used are the same as in the transmitter
in the scalar system. This time however two identical chains are used and
combined with the subharmonic mixer and the X2 transmit multiplier the
multiplication factor becomes X24 in both chains. If the multiplication
factor differs between the transmit and receive chain the IF frequency will
not be the same as the reference.

The IF chain is the part that differs most form the scalar setup. It con-
sists of a SSB up-converter, described in section 4.3.3, a frequency divider,
section 4.3.2, a quadrature demodulator, section 4.3.1, and some amplifiers
and filters. To enable phase and amplitude measurements the method with
a divided reference frequency described in section 3.2.3 is used.

After the first downconversion in the sub-harmonic Schottky mixer a sec-
ond downconversion is performed in the quadrature demodulator, described
in section 4.3.1, the signal is then amplified and finally detected by two
bench top multimeters.

X2

ADC

π/2

1/24

32-38 GHz
2.4 GHz

X3 X2X2

X2 X3 X2

Figure 27: Schottky based 340 GHz vector measurement system.

The details regarding some of the system components are described in
the sections below.

4.3.1 Quadrature demodulator

The quadrature demodulator circuit is realised according to the block dia-
gram in Figure 28. An evaluation board for Analog Devises AD5382 quadra-
ture demodulator is used together with two evaluation boards for the dif-
ferential to single ended instrumentation amplifier AD 620. The operation
principle of the downconverter is further described in section 3.2.2 but the
conclusion is that the in-phase and quadrature output DC voltages represent
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the X and Y vectors in the phase and amplitude plane of the received signal.
The outputs from the instrumentation amplifiers are captured by two bench
top multimeters through a Matlab script.

ADC

ADL5382
EVAL

2x AD602
EVAL

fIF 0.7-2.7 GHz

fIF

Figure 28: Schematic of the quadrature downconverter, amplifiers and ADC.

4.3.2 Frequency divider

As described in section 3.2.3 a frequency divider is needed in order to allow
the phase reference to propagate throughout the system. This is solved by
using a custom designed frequency divider circuitry.

1/2

1/2

1/5

1/8

1/8 1/3

uC 5V
REG

3V
REG

POWER
SWITCHES

Input Output

Figure 29: Block diagram of divider circuit

In order to provide flexibility to enable the use off different millimetre
wave equipment the division ratio can be switched between three different
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values, in the current configuration the available division ratios are, 10, 16
and 24. The values are in turn determined by the components used to popu-
late the circuit board. The circuit is broadband with an operating frequency
range of approximately 0.001−3GHz. The frequency division circuits work
as digital counters, thus resulting in a square wave output. As a result of
the large bandwidth an external low-pass filter adapted to the specific out-
put frequency and division ratio is required. Three different paths through
the circuit can be selected as indicated in Figure 29. GaAs MMIC SPDT
switches are used to control the signal path. To avoid interference between
the division circuits only those in operation are connected to the supply
voltage. The power switching is achieved using MOSFET switches. Both
power and signal switches are controlled by an on board micro-controller.
A photograph of the circuit is shown in Figure 30.

Figure 30: Photograph of the constructed frequency divider circuit.

4.3.3 SSB up-converter

The SSB up-converter, theory is described in section 3.2.1, is realised in
two versions since the operating frequency differs between the Schottky and
HBV based vector measurement systems. The IF π/2 phase splitter got a
bandwidth of 80− 120MHz and is used in both configurations. To cover a
system operating frequency of 320− 380GHz the SSB up-converter needs a
RF output bandwidth of 13.3− 15.8GHz or 32− 38GHz for the Schottky
and HBV system respectively. The two mixers used and their key properties
are listed below:

• Marki IQB-0618

• RF bandwidth: 6− 18GHz

• IF bandwidth: DC − 5GHz

• LO-RF isolation: 20 dB

• Image rejection: 20 dB
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• Hittite HMC-C047

• RF bandwidth: 30− 38GHz

• IF bandwidth: DC − 3.5GHz

• LO-RF isolation: 35 dB

• Image rejection: 15 dB

Since both mixer are configured for quadrature operation they consist
of two mixers and an LO hybrid integrated to one package. The most
important parameters for the up-converter is the relative suppression of the
LO to RF leakage and the sideband suppression. The reason for this is that
since the IF frequency is small in relation to the RF frequency it is not
possible to use filters to reject those unwanted signals.

4.4 HBV based 340 GHz vector measurement system

The main difference between the HBV system and the previously described
system is that two X5 HBV quintupler multipliers are used as main mul-
tipliers, together with two input power amplifiers. This changes the total
multiplication factor of the system as well as the microwave input frequency.
Consequently the division ratio in the frequency divider needs to be changed.
The SSB up-converter is also built around a different mixer since the op-
erating frequency band is changed. The modified system is presented in
Figure 31.

X5X2

X5

ADC

π/2

1/10

32-38 GHz
1 GHz

Figure 31: HBV based 340 GHz vector measurement system

4.5 Optics

This section describes some different optical approaches evaluated during
the work.
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4.5.1 Open waveguide probe.

A method used in some of the experimental test conducted during the
project is the combination of an open waveguide probe and a horn. The
open waveguide probe is placed on either the receiver or transmitter and
the opening is placed within a few wavelengths from the sample while the
horn is placed on the other module further away. By combining this with a
raster scan step in the order of λ/10 or smaller an image resolution close to
the diffraction limit can be achieved.

4.5.2 Gaussian telescope approach

A gaussian telescope approach, described in section 3.2.4 realised by two off-
axis parabolic mirrors is the result of a more classical quasi-optical design
study. By combining two parabolas with a focal distance ratio of 2 : 1 the
beam waist produced by the horn can be focused to a spot on the sample
that is half of the horn beam waist. The choice of focal ration comes from
the fact that the beam waist in the horn is approximately 2 λ which gives
a focused spot size at the diffraction limit. The design has not yet been
realised.

4.5.3 Catadioptric lens

The feasibility of using the catadioptric lens, introduced in section 3.2.4 and
used in the system in section 4.1, designed for operation at 108GHz in this
system at 340 GHz has been evaluated in section 5.1.4. It was found that
the lens needs to be redesigned in order to operate in the 340GHz band.

4.5.4 Image reconstruction

The chosen solution for focusing is a full non linear inversion algorithm. The
reason for using such algorithm is that it enables sub wavelength focusing
with a long focal depth and also adds a degree of novelty to the system.

In order to enable the use of the image reconstruction algorithm de-
scribed in section 3.2.4 it is necessary to be able to create an accurate
electromagnetic model of the imaging region. This puts demands on the
accuracy of which the position of all the components in the system is known
as well as the exact physical shape of the objects. In order to keep com-
puting time at realisable levels the imaging domain must be restricted to
a volume of approximately 1000 λ3. Furthermore the phase and amplitude
measurement accuracy of the system must be kept to within a few percent.

After some evaluation of available horn antennas it was decided that a
custom designed open waveguide probe shall be manufactured. One of the
reasons is that the shape of the metallic parts inside the imaging region can
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be accurately determined. The open waveguide probe is presented in section
4.6.2

A system that is believed to meet the mechanical requirements is pre-
sented in section 4.6.1 and assembly is currently ongoing.

4.6 Mechanical components

In this section mechanical components that has been constructed during the
project will be presented.

4.6.1 4-axis mechanical setup

The imaging algorithm described in section 3.2.4 requires precise movement
of the receiver and transmitter in two parallel planes with the sample placed
in a plane in between. The realisation of this is done by extending and
rebuilding the 3-axis mechanical stage used in the preceding system, section
4.1 with a fourth axis. The new configuration enables movement in two
parallel planes as can be seen in Figure 32.

Figure 32: Over view of the mechanical setup.

A precise and repeatable mounting of the receiver is required an therefore
an adapter was constructed that fixes the antenna to the mounting bracket
of the moving axis. A study conducted showed that a custom designed
waveguide probe was a suitable antenna since the directivity is relatively
low. This means that the beam is wide and illuminates the whole imaging
region simultaneously. However the antenna mounting is compatible with
all horns using the standard UG-387 flange. A picture of the mounting
assembly together with the multiplier chains is shown in Figure 33.
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Figure 33: Antenna fixtures mounted on 4-axis stage, note that the imaging
region is between the two probes.

4.6.2 Custom WR-2.8 waveguide probe

Figure 34 shows a rendering of the custom designed waveguide probe. The
mechanically well defined probe is necessary to enable implementation of a
complete EM model of the system.

Figure 34: The constructed waveguide probe.
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4.6.3 Divider PCB

As a part of the construction of the frequency divider circuit a printed circuit
board was designed and ordered, se Figure 35. Drawings can be found in
Appendix B.

Figure 35: Unpopulated frequency divider PCB

4.6.4 Lens holder

In order to enable more accurate testing of the catadioptric lens a lens holder
was manufactured, se Figure 36.

Figure 36: Lens holder with catadioptric lens.

4.6.5 Mounting plate

As part of the mechanical support setup optical breadboard like mounting
plates with connectors for a number of supply voltages were manufactured,
se Figure 37.
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Figure 37: Mounting plate with thread pattern and power connections.
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5 Measurements

This section will present different measurements that have been done.

5.1 System characterisation

In this section characterisation of different system components will be pre-
sented as well as measurements on various samples.

5.1.1 Characterisation of vector measurements

In this section measurements done in order to characterise the phase and
amplitude measurement capabilities of the constructed system will be pre-
sented.

The following measurements were carried out with the system configu-
ration shown in Figure 38. The transmitter and receiver are connected back
to back using a piece of waveguide.

f

X3 X2
X3X2

X2 X2 X2

Waveguide connector

LO

IF

RF

Figure 38: System connected back to back.

In order to set the boundaries of following measurements the available
power at the CW source as well as output source multipliers was measured.
The result from the CW source can be seen in Figure 39. It is apparent that
output power is available in the approximate range 320 − 365 GHz. The
LO multiplier delivers output power over a frequency range covering that of
a the CW source, shown in Figure 40 where the effective LO frequency is
used. However the mixer requires at least 3 dBm of pump power thus the
usable band will be narrower.

The final usable bandwidth is dependent of many parameters such as the
matching bandwidth at different mixer ports and mixer conversion loss as
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Figure 39: Output power from the CW signal source.
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Figure 40: Output power from the LO multiplier, note that the effective LO
frequency is plotted and that the real frequency is half of that.

40



a function of frequency. Using the system in Figure 38 the received power
was measured as a function of frequency, shown in Figure 41 with arbitrary
power unit. The usable band is 326−348.5GHz giving a relative bandwidth
of 6.5 % calculated from the band centre.
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Figure 41: Received power as a function of frequency, arbitrary unit.

To characterise the repeatability of frequency swept measurements the
frequency was swept repeatedly over the full bandwidth. The result is shown
in Figure 42 and Figure 43 where amplitude and phase repeatability of two
measurements close in time is presented.

The long term drift was evaluated both as the stability of a fixed fre-
quency signal over time as well as the repeatability of a full swept mea-
surement. The two measurements were conducted at different occasions.
Figure 44 shows the fixed frequency measurement. As can be seen the max-
imum phase span is approximately 90◦. By closer examination it can be
seen that the phase slowly drifts within this region. The measurement time
was approximately 12 hours. The frequency swept phase drift shows similar
characteristics.

To visualise errors or unbalance in the phase and amplitude measurement
over a full phase revolution the receiver was mounted on a movable stage
and moved with 0.01 mm steps towards the transmitter. In this way the
phase of the received signal will vary with a negligible change in amplitude.
A principal sketch of the setup is shown in Figure 45.

The result of one test at 327 GHz is shown in Figure 46. The receiver
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Figure 42: Short term amplitude measurement repeatability, high error oc-
curs when the SNR decreases.
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Figure 43: Short term phase measurement repeatability, high error occurs
when the SNR decreases.
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Figure 44: 12 h phase drift at fixed frequency.
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Figure 45: Sketch showing the principle behind the measurement.
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is moved in 10 µm steps over a total travel length of 2mm. The symmetric
unbalance is believed to come from standing waves in the system.
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Figure 46: Measurement result from linear translation of the receiver in
relation to the transmitter.

5.1.2 Frequency divider measurements

All three division ratios of the constructed frequency divider were tested
with a 1GHz input signal. The three different ratios behaved similarly, the
only difference being the choice of output filter which is depending on the
output frequency. The unfiltered waveform of the divide by 10 configuration
is shown in Figure 47 together with the filtered waveform in figure 48.

As seen in the overlaid FFT plot in Figure 48, the suppression of the
harmonics is better than 20 dB.

5.1.3 30 GHz power amplifiers

In this section characterisation of the power amplifiers used to drive the
HBV multipliers will be presented.

Spacek SP424-35-31W SN 6K08 In this section measurement results
for the amplifier Spacek SP424-35-31W SN 6K08 will be presented. Fig-
ure 49 and 50 shows the output power and gain with the input power swept
from −15 dBm to−14 dBm. The figure suggest that the amplifier might
be usable, i.e delivers 26 dBm, in the 33 − 36 GHz range which equals
330− 360GHz with a X10 multiplication factor.
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Figure 47: Unfiltered output waveform from the frequency divider set to
1/10 with a 1GHz input.

Figure 48: Filtered output waveform from the frequency divider set to 1/10
with a 1GHz input.
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Figure 49: 6K08 output power.
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Figure 50: 6K08 gain.
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To determine if the amplifier is usable as a multiplier pump source in
the 33 − 36 GHz range the output power was measured with the amplifier
driven into saturation. Figure 51 and 52 shows saturated output power and
gain.
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Figure 51: 6K08 narrow band saturated output power.

SP342-35-31W SN 5H16 In this section measurement results for the
amplifier Spacek SP342-35-31W SN 5H16 will be presented. Figure 49
and 50 shows the output power and gain with the input power swept from
−10 dBm to 0 dBm.

Spacek SP424-35-31W SN 6K08, HBV1 and VDI WR2.8x2 Here
an output characterisation of a chain consisting of Spacek SP424-35-31W SN
6K08, HBV1 and VDI WR2.8x2 will be presented. The motivation for the
measurement is to see whether it can be a valid alternative for the system
transmit chain. The output power from the HBV, driven at 27 dBm, is
on the limit of being to low. A higher input power to the VDI doubler
is desirable. Figure 55 shows the output power of the chain, note that the
BW is 335−358GHz, i.e 6.6% relative bandwidth calculated from the band
centre. Figure 56 shows the amplifier gain at an output level of 27dBm.
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Figure 52: 6K08 saturated gain.
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Figure 53: 5H16 output power.

48



30 32 34 36 38 40
22

24

26

28

30

32

34

f [GHz]

G
ai
n
[d
B
]

Pin − 10dBm
Pin − 8dBm
Pin − 6dBm
Pin − 4dBm
Pin − 2dBm
Pin 0dBm

Figure 54: 5H16 gain.
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Figure 55: 6K08, HBV1 and VDI WR2.8x2 output power, frequency is at
the final multiplier output.
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Figure 56: 6K08 amplifier gain plotted for the constant output power of
27 dBm used, frequency is at the final multiplier output.

5.1.4 Characterisation of catadioptric lens at 340 GHz

The catadioptric lens is further described in [23]. For this setup a lens
originally constructed for use at 108GHz is used. This section will present
the characterisation results of the same lens at 333 GHz. One method
used to characterise the lens is field probing using an open waveguide. The
field probing revealed that the loss in the lens was approximately 20 dB.
Additionally WR-03 vector network analyser extenders were used to find
the return loss of the lens. The return loss from the horn without the lens
mounted was better than 20 dB and when the lens was mounted the return
loss degraded to 10− 15 dB

5.1.5 SSB Up-conversion

In this chapter the results from the single sideband up-conversion measure-
ments are presented. As can be seen i Figure 57 the measurement setup
consists of two signal sources, one 10− 40GHz hybrid, one 80− 120MHz
quadrature power splitter, one I/Q mixer, a spectrum analyser and some ca-
bles. The mixer, Hittite HMC-C047, is specified at 17dBm LO power, how-
ever the maximum output from the signal generator is 17dBm at 33.5GHz.
Due to the power loss in the connecting cables and the hybrid, which is used
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in the complete system described in section 4.4, the LO drive level is only
10 − 11 dBm. However this proved to be sufficient to produce an accept-
able result, i.e approximately 20dB rejection of both LO and the unwanted
sideband.

π/2IF1

IF2 1

2Spectrum
Analyser

Sum 80 MHz
880 mV p-p

33.5 GHz
17 dBm

Figure 57: Measurement setup for sideband rejection test.

The result from the described measurement is shown i Figure 58 as an
output spectrum plot and key data is summarised below.

• RF-LO 21 dB

• Sideband rejection 24.5 dB

By reversing the connections of the quadrature power splitter, connecting
power splitter port 1 to mixer IF1 and power splitter port 2 to mixer IF2,
the upper sideband will be rejected. The theory is explained in section
5.1.5. The output power spectrum is shown in Figure 59 and key data are
summarised below.

• RF-LO 21 dB

• Sideband rejection 19 dB

To test the influence of the lack of LO power the hybrid was disconnected
and the mixer connected directly to the signal generator using a short ca-
ble, the LO power increased to approximately 14 dBm. As seen below the
performance degraded with the increase in LO power.

• RF-LO 19 dB

• Sideband rejection 17.5 dB
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Figure 58: Test using upper sideband.
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Figure 59: Test using lower sideband.
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5.1.6 Quadrature demodulator

In this section the characterisation of the Analog Devices ADL8253 quadra-
ture demodulator and the Analog Devices AD620 differential amplifiers are
presented. The measurement setup is shown in Figure 60. The setup consists
of evaluation boards for the quadrature demodulator and the amplifiers, two
signal generators and two bench top multimeters. The two sources where
linked together by a 10MHz reference and the variable phase shift was pro-
duced by changing the relative phase in one of the sources. A Matlab script
was used to control the sources and collect the data. 360 data points were
collected during approximately six minutes. The theory behind quadrature
demodulation of two signals of the same frequency is described in section
3.2.2.

ADC

ADL5382
EVAL

2x AD602
EVAL

1 GHz
0 dBm

10 MHz ref

LO
RF

1 GHz
0 dBm

Figure 60: Measurement setup for characterisation of quadrature demodu-
lator.

Before the setup if Figure 60 was tested the stability of the demodulator
circuit and the influence of cable bends was evaluated. In the test only one
signal source was used and the signal split by a quadrature hybrid was fed
to both RF and LO inputs. In the first test the system was left resting on a
table while 360 data points were collected during six minutes. The result is
listed below, amplitude deviation is the difference between the smallest and
largest amplitude recorded and angular deviation the difference between the
smallest and largest angle recorded.

• Amplitude deviation 0.12 %

• Angular deviation 0.03◦

The influence of cable bends was also evaluated by repeating the previous
measurement but this time bend the connecting cable repeatedly during

53



the measurement. As the result below indicate both amplitude and phase
deviation increased.

• Amplitude deviation 0.42 %

• Angular deviation 0.86◦

Using the setup shown in Figure 60 the stability of the relative phase
of the two sources was tested by collecting 360 data points during a six
minute measurement. As can be seen in the result below and in Figure 61
the relative phase varies between measurements as well as drifts over time.
This is probably due to the internal phase locking in the synthesisers.

• Amplitude deviation 0.16 %

• Angular deviation 2.40◦

• Start to end angular deviation 1.62◦
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Figure 61: Phase drift during measurement

To test how the system reproduces different relative phases one of the
synthesisers was set to advance its phase by 1◦ between every measurement.
Both LO and RF level was 0 dBm. 360 data points were recorded corre-
sponding to a full phase revolution. The test was repeated four times and
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it turned out that the synthesiser changing its phase always ended up lag-
ging approximately 10◦ after a full phase revolution. Since the accuracy of
the input phase is unknown it is hard to estimate the absolute error of the
measured phase. Some indication is however given in the amplitude stabil-
ity which is approximately 2 % since the phase is calculated from the two
amplitude vectors. The measurement data is shown in Table 2

Test Amplitude deviation Start to end angular deviation
1 2.2 % 8.1◦

2 2.1 % 8.5◦

3 2.4 % 10.7◦

4 2.5 % 8.0◦

Table 2: Results from the four measurements.

To investigate the effect of a change in RF power the same test was
repeated with a RF power of −20 dBm. As shown below the amplitude
deviation increased significantly. From the measurement data the conclusion
can be drawn that the centre of the circle created in the imaginary plane
offsets from the real centre, therefore the large amplitude deviation.

• Amplitude deviation 15.9 %

• Start to end angular deviation 8.9◦
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6 Results

In this section results from measurements as well as construction tasks will
be discussed and evaluated.

6.1 Performance of measurement system

This section will describe the result from the measurements aiming to char-
acterises the performance of the sub-millimetre vector measurement system.

6.1.1 Amplitude and phase measurement accuracy

The parameters important in judging the performance of the vector mea-
surements are mainly the measurement repeatability and drift. An error in
absolute phase or amplitude will not necessarily degrade the performance
of the imaging system if the error is repeatable and therefore can be com-
pensated in software. As found in section 5.1.1 the repeatability between
two measurements with a short separation in time is typically within 2◦ in
phase and 1 % in amplitude.

As the measurement time is extended to several hours a larger drift can
be seen.

When the horns were moved in a straight line in relation to each other a
symmetric pattern can be seen in the measured phase and amplitude. Ideally
the measured circle should be completely round and centred in the plane.
The symmetric non ideal shape of the result is probably due to standing
waves between the horns and it is therefore hard to judge the absolute
accuracy of the system. It is however believed that the system stability is
sufficient to satisfy the demands set by the image reconstruction algorithm.
This assumption is based on the fact that short term repeatability is good
and therefore a zeroing routine can be built into the software to compensate
for the slow long term phase drift.

6.1.2 SSB up-converter

The measurements of the 30GHz version of the SSB up-converter evaluated
in section 5.1.5 showed that the RF − LO rejection as well as sideband
rejection was good enough to not cause problems in the measurement system.
An exact estimation of the suppression needed is hard to give but the system
is relatively insensitive to unwanted harmonics due to the superheterodyne
detection method.

6.1.3 Quadrature demodulator

The evaluation of the quadrature demodulator and the instrumentation am-
plifiers showed a good stability and accuracy. Since there were some prob-
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lems with the phase locking of the sources the absolute measurement accu-
racy could not be determined. But in the light of other drift problems in the
system it is evident that the contribution from the demodulator to the total
error is negligible. The outputs from the amplifiers shows a small but con-
stant DC offset which is easily compensated for in software. Measurement
results can be found in section 5.1.6.

6.1.4 Frequency divider

The frequency divider that was designed and manufactured during the project
works according to the expectations. Combined with the right filter the sup-
pression of unwanted harmonics is better than 20 dB.

6.1.5 Characterisation of 30 GHz power amplifiers

The two power amplifiers used to pump the HBV multipliers in the HBV
based measurement system, section 4.4, proved to deliver enough power
for the application. The reason for investigation the amplifiers was that
the used frequency range was outside of the amplifiers specified band. As
seen through the measurement results in section 5.1.3 the gain needed in
order to maintain a constant output power varies by several dB. Since the
amplifiers operate close to the maximum input power the HBVs can handle
it is practically challenging to feed two amplifiers at an optimal operating
point when they are fed by the same source.

6.2 Optics

The results considering the optics design will be presented in this chapter.

6.2.1 Image reconstruction algorithm

The image reconstruction algorithm described in section 3.2.4 was chosen
as the final method for image formation. Since the mechanical setup is not
completed yet, no images have been created using the algorithm.

6.2.2 Quasi optical focusing

A simple gaussian telescope construction was proposed as an alternative for
focusing in section 3.2.4. The design was not fully evaluated and has not
been realised since the image reconstruction algorithm was chosen instead.
Before realisation of the gaussian telescope approach it might be necessary to
evaluate the beam distortion effects created by the focusing optics, it might
be necessary to change some parameters in order to improve the shape of
the focused spot.
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6.2.3 Catadioptric lens

The measurements on the catadioptric lens showed that the lens needs to be
redesigned for the specific frequency range in order to be used. The current
version simply was to lossy.

6.3 Imaging

6.3.1 108 GHz scalar imaging

An envelope containing some items was imaged with the preceding system
described in section 4.1. The result is presented in Figure 62 where two
different raster scan resolutions are compared. The content of the envelope
is shown in Figure 63.
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(a) Scan resolution 1, 5mm.
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(b) Scan resolution 1mm.

Figure 62: Two envelope scans with different scan resolution.

The scan reveals some interesting effects. At the border of the low loss
ruler the measured signal power is low due to scattering at the sharp edge.
The metallised razor blade package completely blocks the radiation, which
was expected. The centre of the pencil shows a slightly lower attenuation, it
is however uncertain if it is due to lower loss or diffraction from the hexagonal
shape.

6.3.2 333 GHz imaging

Some examples of transmission imaging at 333GHz will be presented here.
All images are produced using the system described in Section 4.2. A WR-
03 waveguide probe is used on the receiver to define the spot size and the
sample is illuminated using a WR-03 smooth-wall cylindrical horn. The
colour bar in the pictures represent the received power in dBm.

Figure 64a shows a photo of four Alvedon tablets packaged in their orig-
inal plastic wrapping. In Figure 64b the 333 GHz transmission image is
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Figure 63: Picture showing the contents of the envelope.

shown. Note that the tablets are homogenous but destructive interference
makes the tablets appear more lossy around the edges. The small break-line
can also be noted on all tablets in the small red centre section.

(a) Photograph of the tablets.
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(b) 333GHz transmission image.

Figure 64: Alvedon tablets.

Figure 65 shows a RFID door-key. In the centre of the device the RFID
chip is clearly visible accompanied by its spiral antenna. Some plastic mold
features add some extra information about the internal structure, visible as
edge diffraction.

A 24 pin, 100 mil x 600 mil footprint, IC is reproduced both in visual
spectrum and 333 GHz transmission in Figure 66. The chip in the centre
is clearly visible accompanied by conducting traces and bond wires. The
indentation in the epoxy package indicating pin 1 is also visible in the trans-
mission image.

60



(a) Photograph of the RFID door-key.
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(b) 333GHz transmission image.

Figure 65: Aptus RFID door-key.

(a) Photograph of the IC circuit.
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(b) 333GHz transmission image.

Figure 66: Philips HEF4067BP IC circuit.
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Figure 67a shows a cutout from Figure 66b and Figure 67b shows an
image of the same area produced with the mechanical scan resolution set to
0.1mm instead of 0.2mm which is used in Figure 67a.
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(a) 333GHz transmission image, mechan-
ical resolution 0.2 mm, cutout from Fig-
ure 66b.

[mm]

[m
m

]

 

 

0 1 2 3 4 5

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5 −50

−45

−40

−35

−30

−25

(b) 333GHz transmission image, mechan-
ical resolution 0.1mm.

Figure 67: A 5mm x 5mm comparison of different mechanical scan resolu-
tions.

A freshly picked leaf revealed a surprisingly low water contents due to the
fact that transmission imaging was possible. Figure 68b shows the transmis-
sion image where the thicker centre stem is visible along with other details.

(a) Photograph of leaf.
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(b) 333GHz transmission image.

Figure 68: Leaf.

Cancer samples obtained through the collaboration with Sahlgrenska
have been imaged. However the samples adopted for transmission mi-
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croscopy in the visible spectrum proved to be to thin to reveal any contrast.
Instead a slowly varying pattern appeared which may be explained through
either varying thickness of the mounting wax, a non constant sample glass
thickness or standing waves. Figure 69a shows the mounting of the sample
in the measurement system and Figure 69b shows the result from the scan.

(a) Mounting of cancer sample in mea-
surement setup.
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(b) 333GHz transmission image.

Figure 69: One of the cancer samples obtained from Sahlgrenska.

In Figure 70 a slice o bacon has been imaged. It can be seen that
the muscle tissue completely blocks the radiation while the fat is partly
transmissive.

(a) Photograph of leaf. (b) 333GHz transmission image.

Figure 70: Picture showing a slice of bacon.

6.3.3 Vector imaging

Using the Schottky based vector measurement system, section 4.3, an image
of graphics printed in a laser printer was captured. The same mechanical
setup as in the above measurements were used to perform the raster scan
which took several hours. The image is resolvable both in the phase and
amplitude, shown in Figure 71. The relatively small phase contrast, approx-
imately 10◦, confirms that the phase drift over several hours is small.

Figure 72 shows a photograph of the imaged print.
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Figure 71: Phase contrast of the imaged laser print.

Figure 72: Photograph of the laser print.
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6.4 Publications

During the period of the work two conference papers have been submitted,
one for oral presentation at Lund GigaHertz Symposium 2010 and one for
poster presentation at IRMMW-THz 2010 in Rome later this year. Both
abstracts can be found in appended papers.
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7 Conclusion and discussion

This section will present the conclusions drawn during the work both re-
garding what has been done and sub-millimetre wave imaging in general.
Various aspects of the work as well as problems encountered will also be
discussed.

An introduction to the part of the THz imaging area this project fall
into was given in section 2.2.1. Most THz imaging systems in this category
uses laser based terahertz pulsed imaging, one benefit of such systems is
the large bandwidth in the order of hundreds of gigahertz. This eases the
determination of the complex refractive index of the imaged object signifi-
cantly. Dynamic range and spectral resolution is however two fields where
multiplier based CW systems have an advantage.

The vector measurement system was successfully constructed along with
components necessary in the IF chain. The bandwidth is currently limited
by the LO bandwidth of the subharmonic Schottky mixer used. In the
current design, which was not purposely designed for use in the imaging
system, RF bandwidth was prioritised at the expense of LO bandwidth.
Since the vector measurement setup uses a fixed frequency IF it does not
benefit from such construction.

Concerning optics the two firstly considered alternatives, the catadioptric
lens and the gaussian beam telescope, were abandoned in the middle of the
work in favour for the image reconstruction technique. One of the reasons
being a newly initiated collaboration with a department working in the field
of microwave tomography algorithms.

In this work some examples of sub-millimetre wave images produced
have been shown, future continuation of the work is however expected to
deliver images using the image reconstruction algorithm described. The goal
of showing the capabilities of the in house equipment is fulfilled.

The cell slides containing breast cancer tumours, obtained through Sahlgren-
ska, were adopted for optical transmission microscopy. Hence it has not been
possible to create an image of the samples. When the measurement setup
is finished new samples will be obtained and the experiment repeated.

The phase drift in the measurement system was found to be good in
short term measurements and acceptable over longer periods, 90◦ during
twelve hours.

Concerning the long term phase drift in the system a more thorough in-
vestigation needs to be done in order to investigate which components cause
the largest drift. One candidate for high phase drift is the divider circuitry
where the logical triggering level might drift with temperature and therefore
trigger at different points of the sinusoidal input. However amplitude drift
in the source feeding the divider would cause the same effect. A temperature
stabilisation of firstly the IF chain but preferably also the sub-millimetre
wave components is likely to reduce the problem.
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Two conference papers have been published through the work but the
aim is still to publish a journal article.

The field of THz imaging is far from fully developed and therefore many
new applications are likely to be found. Current research is to a great extent
aimed at security applications such as stand off detection of hidden weapons.
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8 Future outlook

One goal of future work is to establish the microwave tomography algorithm
in the sub-millimetre wave region. This will be done through a continued
collaboration with the Biomedical Engineering Division, Department of Sig-
nals and Systems, Chalmers University of Technology.

Minimisation of electrical system drift is an other issue receiving atten-
tion, one alternative being thermal stabilisation of the measurement system.

The system bandwidth may be extended by improvements in the multi-
plier chains as well as by the use of a mixer with wider LO matching.

The work with finding new imaging applications in the sub-millimetre
wave region will also continue.
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I. INTRODUCTION AND BACKGROUND 

Terahertz (THz, 1012 Hertz) imaging has attracted a 

lot of attention recently in various applications 

ranging from production process control to breast 

cancer imaging [1]. However, those practical 

applications require compact sources and systems 

offering room temperature operation. Contrary to time 

domain systems, continuous wave (CW) imaging 

systems are usually compact, simple, fast, and of 

relatively low-cost. High spectral resolution is another 

advantage. A common approach for realizing CW 

THz systems is up-conversion from microwave 

frequencies using frequency multipliers for signal 

generation and sub-harmonic mixers for detection [2].  

We present a RT CW imaging setup operating 

around 340 GHz that consists of a multiplier chain 

and a receiver chain, shown in Fig. 1. The system 

provides heterodyne detection with an IF BW of 0-20 

GHz with the possibility of extracting the phase 

information. Furthermore, the system utilizes the 

ultra-compact catadioptric lens for short range 

imaging applications.  

The previous setup, described in [3], operated in 

direct detection mode at around 100 GHz. A 

catadioptric lens-horn combination was used as a 

focusing element producing a marked improvement in 

image resolution. However, the setup was based on 

direct detection technique and the phase information 

was missing. Therefore the setup was not able to 

resolve dielectric contrast. Moreover, the slow 

response time of the detector also limited the imaging 

speed. 

The 340 GHz imaging setup, described here, is a 

heterodyne system and aims at collecting vector 

measurement data in order to improve image detail. 

For instance in biomedical applications this provides 

an advantage over scalar measurements. The system 

uses a sub-harmonic RT Schottky mixer as receiver 

[4]. Two separate multiplier chains are used to 

generate the LO drive and illumination signal. 

       
Fig. 1 Block diagram of the 340 GHz heterodyne imaging system. 

II. RESULTS 

The system, shown in Fig. 2, is completely 

automated with 3-axis positioning stage and data 

acquisition. Being heterodyne in nature, the setup 

provides fast data acquisition and imaging speed. We 

will present detailed characterization results regarding 

beam diameter, spatial resolution and dynamic range. 

Furthermore, the setup will be employed for various 

applications including biomedical and object 

investigation and results will be presented. 

 

 
Fig. 2 The constructed 340 GHz heterodyne imaging setup in 

transmission-mode. 
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Abstract—A CW sub-millimeter wave imaging system is 

presented. The system operates around 340GHz and uses a non-
linear imaging algorithm.   
 

I. INTRODUCTION AND BACKGROUND 
MAGING  applications in the sub-millimeter wave 

region is a topic that has attracted a lot of attention in 
recent years. Common topologies include laser-based 
systems utilizing photoconductive effects as well as 
solid-state multiplier systems. The imaging algorithms 
are commonly based on linear approaches such as in the 
quasi-optical approaches for scanning larger areas e.g. in 
security applications and near-field imaging used for 
microscopy [1]. 

In this paper, the THz imaging system currently being 
developed at Chalmers University of Technology is 
presented. The system operates in continuous-wave 
(CW) mode and a nonlinear algorithm is used for 
reconstructing the images. 

A common approach for realizing CW THz systems is 
up-conversion from microwave frequencies using 
frequency multipliers for signal generation and sub-
harmonic mixers for detection [2].  

We present a room temperature (RT) CW imaging 
setup operating around 340 GHz that consists of a 
multiplier chain and a receiver chain, shown in Fig. 1. 
The system provides heterodyne detection with the 
possibility of extracting the phase information, thus 
enabling non-linear imaging algorithms. 

 
Fig. 1 Block diagram of the 340GHz imaging system. 

The system uses a sub-harmonic RT Schottky mixer 

as receiver [3]. Two separate multiplier chains, 
consisting of hetero structure barrier varactor (HBV) and 
Schottky multipliers are used to generate the LO drive 
and illumination signal.  

The imaging algorithm used in the system is based on 
full non-linear inversion. This technique has been used 
for some time for imaging in the microwave region, but 
has not yet found widespread application in the THz 
domain [4]. In this system, a Newton-type algorithm is 
applied for solving the nonlinear minimization problem 

 
Here, ! is a discrete representation of the unknown 

complex permittivity of the imaging domain, and Smeas 
and Scalc are vectors holding the measured and calculated 
S parameters, respectively. 

II. RESULTS 
Results from measurements using the above system 

will be presented together with information about the 
modeling. Furthermore, system characterization data 
will be presented. 

 
Fig. 2 Photograph of the receive chain.  
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B PCB layouts

Figure 73: Top layer.

Figure 74: Inner layer 1.
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Figure 75: Inner layer 2.

Figure 76: Bottom layer.
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