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Abstract

The need for a concealed weapons and explosive detection has increased in
recent years. Millimeter-wave (MMW) imaging is a possible solution to this
problem since millimeter-waves can penetrate thin clothing layers. This is a
method of forming images through the detection of millimeter-wave radiation
power from a scene. This power is a combination of what the scene object is
directly emitting and what it is reflecting from its environment. The MMW has
the ability to see under low visibility conditions (such as fog, clouds, smoke,

sandstorms, etc.) that would ordinarily blind visible or infrared sensors.

Several millimeter-wave imaging systems for target identification have been
reported in the current state of the art but the novelty of this thesis work is the
incorporation of the Substrate Integrated Waveguide (SIW) technology in the
receiver antenna and a Nipkow disc to reconstruct the image under
surveillance. SIW technology has the advantages of low cost, lower losses
than coplanar and microstrip lines, and it is highly integrable with microwave
and millimeter wave integrated circuits. The Nipkow disc is a mechanical
operating image scanning device. The device consists of a mechanically
spinning disk with a series of equally distanced circular holes of equal
diameter drilled in it that scan the image when rotating. This disc has the

advantages of simple realization high speed scanning.



Resumen

La necesidad de deteccién de armas y explosivos ocultos ha aumentado en
los dltimos afios. Los sistemas de imagenologia a través ondas milimétricas
es una posible solucibn a este problema a partir de que las ondas
milimétricas pueden penetrar capas delgadas de ropa. Este es un método de
formacién de imagenes a través de la deteccion de la potencia de radiacion
de ondas milimétricas de una escena. Esta potencia es una combinacién de
lo que el objeto de la escena esta directamente emitiendo y de lo que esta
reflejando de su entorno. Las ondas milimétricas tiene la capacidad de ver
bajo condiciones de baja visibilidad (tales como niebla, nubes, humo, arena,

etc.) que normalmente cegaria a los sensores visibles o infrarrojos.

Varios sistemas de imagenologia a través ondas milimétricas para la
identificacion de objetos han sido reportados en el estado actual del arte,
pero la novedad de este trabajo de tesis es la incorporacion de la tecnologia
de guia de onda integrada en el mismo substrato en la antena receptora
(SIW, por sus siglas en inglés) y un disco de Nipkow para reconstruir la
imagen bajo observacion. SIW se sintetiza por la colocacion de dos filas de
agujeros metalicos en un substrato. Las ventajas de la tecnologia SIW son
bajo costo de manufactura, menores pérdidas que las lineas coplanares y de
microcinta, y su alta integrabilidad en circuitos integrados de microondas y
milimétricos. El disco de Nipkow es un dispositivo mecanico de escaneo de
imagen. El dispositivo consta de un disco girando mecénicamente con una
serie de agujeros circulares de igual diametro e igualmente distanciados
perforados en él, que al girar escanean la imagen. Las ventajas de éste disco

son su sencilla implementacién y su alta velocidad de escaneo.
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Introduction

Imaging has been performed for decades, new sensor technology in the
millimeter-wave regime has enabled the generation of MMW imaging and has
renewed interest in this area. This attention is, in part, driven by the ability to
form images during the day or night; in clear weather or in low-visibility
conditions, such as haze, fog, clouds, smoke, or sandstorms; and even

through clothing.

Millimeter-wave (MMW) imaging is a method of forming images through the
detection of millimeter-wave radiation from a scene. This detection can be
active or passive. The election between these two approaches depends of the
particular application. Nowadays different applications exist for imaging
through millimeter-waves such as medical devices, security systems and

surveillance cameras among others.

In this thesis work a MMW imaging system for concealed object detection is
proposed. We added to the system a millimeter-wave lens to form an image
of the target to the antenna and a Nipkow disc to sample the image under
observation. We also incorporated the Substrate Integrated Waveguide (SIW)

technology in the receiver antenna.

In Chapter II, the current state of the art of the millimeter-wave imaging and

the justification of the thesis work are presented.



Chapter Il deals with the radiometer theory where topics such as blackbody
radiation and the Planck’s radiation law are discussed. The different types of

MMW imaging systems are also explained.

The details of the MMW imaging system as well as its electronics are
exhibited in Chapter IV. An in depth explanation on the integrator design, the
operation of the millimeter-wave lens and the absorber material are also
given. At the end of this chapter, the operation of the whole system is

explained.

In Chapter V the SIW antenna design is presented. This Chapter begins with
an explanation of the Substrate Integrated Circuit (SIC) technology. Then it
proceeds to explain the proposed wide bandwidth SIW flare antenna. Full
simulations and optimization of this antenna are shown together with a

comparison with the current state of the art.

Chapter VI begins by giving a theoretical introduction of the Nipkow disc
device, and then it proceeds to treat the Nipkow disc system designed at
optical frequencies. Finally the Nipkow disc system implementation at

millimeter frequencies is discussed.

The experimental results of the remote sensing system are treated in Chapter
VII. Both, active and passive experimental results obtained from the MWW

imaging systems are exhibited.

Finally, all the conclusions obtained from this thesis work as well as the future

work for the MMW imaging system are presented in Chapter VIII.



In Appendix A the datasheets of the materials and components used to
perform the MMW imaging system are shown. The participation in
conferences of this thesis work is presented in Appendix B. References used
in this thesis work can be found at the end of each chapter in the References

Section.



géqab‘eﬁ /4

State of the art and justification

This Chapter is divided in two sections. The current state of the art of the
millimeter-wave imaging is discussed in Section 2.1, while In Section 2.2, the

justification of the thesis work is presented.

2.1 State of the art of the millimeter-wave imaging

The exploitation of the millimeter-wave regime (defined to lie between 0.3 and
300 GHz, with corresponding wavelengths between 1 m and 1 mm) for
imaging has increased in recent years. The great advantage of millimeter-
wave radiation is that it can be used not only in day and night conditions, but
also in fog, clouds, smoke, dust and other poor visibility conditions that
normally limit the “seeing” ability of both visible and infrared (IR) sensors.

The current state-of-the-art in millimeter-wave imaging systems includes two
fundamentally different techniques. The first technique uses a focal-plane
array (FPA) of millimeter-wave detectors placed behind a large lens. This
technique can detect either passive energy emitted by the target or can use
active millimeter-wave illuminators. As an example of this technique is the
system proposed by Richter et. al. [2.1], where they performed a Multi-
channel FPA radiometer at the frequency of 94 GHz with array modules of
rectangular tapered dielectric rod antennas to scan at different viewing

angles. The dielectric lens that they designed is a bifocal wide angle lens



made from high density polyethylene. This system presents a slow image
acquisition time (12 min). Another example of FPA imaging system is the
proposed by Watabe et. al. [2.2], who designed a 60 GHz active imaging
system, which uses a Yagi—Uda antenna array. This system incorporates
multilayered feed-forward neural network signal processing to recognize
objects and reconstruct images distorted under coherent illumination with an
image reconstruction time from 1 to 2 min. To focus the millimeter-waves
scattered by the object they used two dielectric lenses to construct the
images (an objective lens and a hemispherical substrate lens). These two
systems present good quality in the image reconstruction but they have the
disadvantages of high cost and big size due to the antenna arrays used in the
receiver. A novel contribution to solve the size problem was made by Mizuno
et. al. [2.3], who developed a 35 GHz passive millimeter-wave imaging
apparatus with a dielectric lens and an imaging element array. Each imaging
element has a single-substrate structure on which a wideband antenna, a
line-transition structure, low noise amplifiers, and a detector circuit. All
components have been integrated in the same substrate, reducing
significantly the size of the whole system in comparison with other millimeter-
wave FPA imaging systems. Another contribution was made by Luukanen et.
al. [2.4] where they use an array of microbolometers as the detectors and a
low cost pulsed-noise source as an illuminator. The focal plane array is
fabricated on a high resistivity silicon wafer incorporating 120
microbolometers coupled to slot-ring antennas reducing significantly not only
the size of the system but also its cost.

One of the main drawbacks of conventional FPAs is their small lens aperture
as a consequence of limited size due to manufacturing constraints, which
leads to relative low resolution and limited field of view. To overcome these,
several authors have proposed image enhancement techniques. Luo et. al.

[2.5], presented an improved imaging system based on the singular-value



decomposition (SVD) theorem to reconstruct the image. With this new
approach a thin lens can be used as the focusing element with image quality
improvements. Ocket et. al. [2.6] also performed a simplified 2D calculation
method based on Huygens' principle for active millimeter wave imaging
systems to avoid aberrations such as speckle and glint in the image

reconstruction.

A second technique which eliminates the use of lenses is based on
holographic linear arrays (phased arrays) of sequentially switched transmitter
receivers scanned quickly over a large aperture to actively illuminate the
target. This system operates at a single frequency, and is coherent, which
means the phase of the returned signal is recorded, as well as the amplitude.
The coherent data can be mathematically reconstructed in a computer to form
a focused image of the target without the need for a lens. Millimeter-wave
holographic imaging for concealed weapon detection was originally proposed
by Farhat and Guard [2.7]. Their imaging technique utilized a stationary
source and a scanned receiver system that employed optical (flm-based)
reconstruction. This technique was dramatically improved by Collins et. al.
[2.8] by utilizing a scanned transmitter receiver and digital reconstruction.
Scanning the source produces high-quality imagery because the target is
illuminated over a broad range of angles, both vertically and horizontally,
which greatly reduces shadowing due to specular reflection. The original
techniques developed by Collins et. al. [2.8] produced high-quality imagery.
However, the depth of field was very short due to the large aperture and
close-range operation. This limitation has been eliminated by using the wide
band holographic imaging proposed by Sheen et. al. [2.9], which consists of
forming 3-D images of targets from wide-band data gathered over a 2-D
aperture. There, different techniques for improving image reconstruction have
been performed, as the frequency-encoding technique proposed by Derham

et. al. [2.10], where a transmitter illuminates objects in the scene with a



pseudo-noise signal, and a frequency-scanning receiver antenna captures the
reflected signals to be processed in an algorithm computer program. This
prototype system works at the frequency of 60 GHz and the images are
obtained by a combination of frequency-encoding and mechanical scanning
(one motor scans the complete antenna system in azimuth and a second
motor rotates the antenna to one of the fixed positions in elevation). Due to
the mechanical scanning in both azimuth and elevation, the system becomes
expensive but the programming time to reconstruct the image is shorter in
comparison with other imaging systems (40 sec.). Dallinger et. al. [2.11] have
also performed a system concept based on the circular SAR principle. They
proposed a circular synthetic aperture to scan a person’s body entirely and an
algorithm to enhance the image quality based in the method of stationary
phase to obtain the image’s Fourier transform. By using this circular aperture
only the necessary amount of hardware components is at minimum, because
only a single monostatic sensor needs to be designed. With this system
concealed weapon detection can be successfully performed with a good
quality in the image reconstruction. On the other hand, Zhang et. al. [2.12]
designed multispectral image fusion techniques which can significantly
improve the spatial content of mm-wave images. Three different pixel-level
fusion methods, including band ratioing fusion, wavelet transform fusion, and
principle component fusion, have been applied to mm-wave images of two
test objects, captured in W-band. The experimental results show that band
ratioing fusion performs the best in revealing detailed features of the object,
wavelet transform fusion performs well in distinguishing the object from the
background, and principle component fusion has the potential to reduce
speckle resulting in better image quality. Therefore, these fusion methods are
believed to be helpful for object recognition tasks in active millimeter wave
imaging applications. Another interest approach of phased array systems is
the W-band phased array imager performed by Lovberg et. al. [2.13]. It

consists of a broadband phased array receiver from 76 to 94 GHz, and a



single planar slot-array antenna. The object radiation is detected by the
antenna, followed by phase sorting into azimuth bins and then frequency
sorting into elevation bins, to create a two-dimensional image. This system
has the advantage of a reduced volume requirement in compare with FPA
imaging systems, since no dedicated focal area is required. The disadvantage
of this design is that the fidelity, sharpness and contrast of imagery are

affected by the quality of the array phasing.

These two techniques (FPA and holographic) explained above have a lot of
potential applications in security scanning [2.14], in plasma diagnostics [2.15],
atmospheric and planetary remote sensing [2.16], automotive collision-
avoidance radar [2.17], safe aircraft landing [2.18], and as diagnostic tools in
areas such as agriculture, forestry, and food industry [2.3]. More recent
applications of terahertz spectroscopy for character recognition in medieval

manuscripts [2.19] and art conservation [2.20] have been reported.

In the field of security, scanning the detection of concealed weapons
underneath a person's clothing is an important obstacle to the improvement of
the security of the general public as well as the safety of public assets like
airports and buildings. Due to this, several researchers have devoted much
effort to the development of a variety of techniques for concealed weapon
detection. As an example McMakin et al. [2.14], developed a novel wideband
millimeter-wave imaging system which allows rapid inspection of personnel
for concealed explosives, handguns, or other threats. To form an image
rapidly, a linear array of 128 antennas is used to electronically scan over a
horizontal aperture, while the linear array is mechanically swept over a
vertical aperture. At each point over this 2-D aperture, coherent wideband
data reflected from the target is gathered using wide beamwidth antennas.
The data is recorded coherently, and reconstructed using an efficient image

reconstruction algorithm. This algorithm works in the near-field of both the



target and the scanned aperture and preserves the diffraction limited
resolution of less than one wavelength. The wide frequency bandwidth is
used to provide depth resolution, which allows the image to be fully focused
over a wide range of depths, resulting in a full 3-D image. This system has
been extensively tested using concealed metal and plastic weapons, and has
recently been tested using real plastic explosives (C-4 and RDX) and

simulated concealed liquid explosives

In plasma diagnostics, significant advances in millimeter wave and THz
receiver and array technology have led to new approaches for the
visualization of density and temperature fluctuations inside the core of high
temperature plasmas, as the work made by Domier et. al. [2.15]. Their system
collects millimeter wave electron cyclotron emission from the plasma and
images it onto a planar mixer array to form 2-D images of electron
temperature fluctuations. Collective scattering approaches at THz frequencies
can resolve density fluctuations deep into the plasma core that are not

accessible via reflectometry.

For atmospheric and planetary remote sensing millimeter-wave radiometers
have found extensive use in several geoscientific fields including
meteorology, oceanography, and hydrology, as will discussed in Chapter 3.
Most of these applications are those involving observations of oceanographic
parameters or atmospheric parameters over the ocean, such as sea surface
temperature, wind speed, atmospheric water-vapor content, liquid-water

content, temperature profiles, rainfall rates, etc.

Recently, IR diagnostics are now widely used to check maturity of fruit such
as apple, peach, etc. This diagnostics utilizes a spectroscopic way to
determine degree of sweetness. However, this method can not apply for fruit

with thick skin such as citron, watermelon, etc. Because of this, Mizuno et. al.



[2.3], have been designed an imaging system (described in the previous
paragraphs) to measure fruit using millimeter-wave technology to check
maturity by passive millimeter-wave diagnostic. The results obtained with this
system suggest we can recognize whether fruit would be mature or not using
millimeter-wave passive imaging. Mizuno et. al. [2.3] performed another
imaging apparatus which uses the Fresnel distance principle. The imaging
element is mechanically scanned in front of an object of a distance within 10
wavelengths (Fresnel distance). This system can be used for nondestructive
inspection of timber, for example, damage suffered from white ants, search
on existence of knots, and so on, or for measuring the temperature of an

object inside a cardboard box.

2.2 Justification

As discussed in the above Section, most of the current millimeter-wave
iImaging systems present the disadvantages of high cost, slow image
acquisition time, complex computer algorithms to reconstruct or enhance the
image quality, and difficult implementation due to the focal plane and phase
arrays used as receivers. Because of this, a new millimeter-wave imaging
system has been proposed for this thesis work where the cost and image
reconstruction are improved significantly by introducing the relative new
substrate integrated waveguide (SIW) technology in the receiver antenna,
and a Nipkow disc to reconstruct the image under observation. As will be
explained in Chapter 5, SIW technology is synthesized by placing two rows of
metallic via-holes in a substrate where the field distribution is similar to that of
a conventional rectangular waveguide with the advantage of being low cost.
Moreover, SIW presents lower losses when compared to other planar

technologies such as coplanar or microstrip. The Nipkow disc is a mechanical

10



operating image scanning device which consists of a mechanically spinning

disk with a series of circular holes drilled in it. These holes are positioned to

form a single-turn spiral so that each hole takes a horizontal "row" through the

image which is sampled as a pattern of light or dark by a sensor. This

information can then be easily displayed on a computer screen, as will be

shown in Chapter 6.
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Chapter (11

Radiometer and Millimeter-Wave

Imaging Theory

In this chapter some elements of the radiometer theory will be explained and
after that millimeter-wave imaging systems will be treated. Among the
important discussed topics we find blackbody radiation and the Planck’s

radiation law.

3.1 Radiometer Theory

3.1.1 Introduction

All matter radiates electromagnetic energy. The radiation is a consequence of
the interaction between the atoms and molecules in the material. A material
also may absorb and/or reflect energy incident upon it. When in
thermodynamic equilibrium with its environment, a material absorbs and
radiates energy at the same rate [3.1]. A blackbody is defined as an ideal
material that absorbs all the incident radiation, reflecting none, as will be
explained in depth in Section 3.1.2. Since the absorbed energy by a material
would increase its temperature if no energy were emitted, a perfect absorber
also is a perfect emitter. The blackbody radiation spectrum is given by
Planck's radiation law (see Section 3.1.2), which was formulated by Max

Planck in 1901 by introducing the concept of the quantum of energy. This
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spectrum is used as a reference against which the radiation spectra of real
bodies at the same physical temperature are compared. The spectral,
polarization, and angular variations of the radiation emitted, absorbed, and
scattered by a medium are governed by the geometrical configuration of the
surface and interior of the medium, and by the spatial distributions of its

dielectric properties and its temperature.

Radiometry is the measurement of electromagnetic radiation [3.2], [3.3]. A
millimeter-wave radiometer is a highly sensitive receiver capable of
measuring low levels of millimeter-wave radiation. When a scene, such as
terrain, is observed by a millimeter-wave radiometer (through its antenna
beam), the radiation received by the antenna is partly due to self-emission by
the scene and partly due to reflected radiation originating from the
surroundings. Through proper choice of the radiometer parameters
(wavelength, polarization, and viewing angle), it is sometimes possible to
establish useful relations between the magnitude of the energy received by

the radiometer and specific parameters of interest.

3.1.2 Planck's Blackbody Radiation Law

The concept of a blackbody is of fundamental importance to an understanding
of the thermal emission of real materials because its emission spectrum
represents a reference, relative to which the radiant emittance of a material
can be expressed. In general, of the radiation incident upon the surface of a
solid (or liquid) substance, a certain fraction is absorbed and the remainder is
reflected. A blackbody is defined as an idealized, perfectly opaque material
that absorbs all the incident radiation at all frequencies, reflecting none [3.1]-

[3.3]. In addition to being a perfect absorber, a blackbody is also a perfect
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emitter, since energy absorbed by a material would increase its temperature if
no energy were emitted.

In practice, a good approximation to a blackbody is a hollow body with a small
opening. Any radiation entering the container through the opening is
absorbed or undergoes many reflections on the inside surfaces, so that all the
original energy is effectively absorbed before it can be reflected back out
through the opening. If the container is maintained at some fixed temperature
T, its inner surfaces will emit and absorb photons at the same rate, and
therefore the energy leaking out through the opening resembles radiation by a
blackbody in thermodynamic equilibrium. At millimeter-wave frequencies,
good approximations to ideal blackbodies are the highly absorbing materials

used in the construction of anechoic chambers.

According to Planck's radiation law, a blackbody radiates uniformly in all

directions with a spectral brightness By given by

_ 2hf° 1
- 2 hf
¢ lew o

(3.1)

B

where B; = Blackbody spectral brightness, W m?sr”" Hz™

h = Planck’s constant = 6.63x10>* joules

f = frequency, Hz

k = Boltzmann's constant = 1.38x10 joule K
T = absolute temperature, K

c = velocity of light = 3x10® ms™.
The only two variables in (3.1) are f and T. A family of curves of Br as a

function of frequency are shown in Figure 3.1 (with T as parameter).

Logarithmic scales are used on both axes so that a wide range of values can
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be accommodated. These curves exhibit two interesting features: (1) as the
temperature T is increased, the overall level of the spectral brightness curve

increases, and (2) the frequency at which By, is maximum increases with T.
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Figure 3.1. Planck radiation-law curves (from [3.3]).

Over a narrow frequency interval df centered at f, the brightness is given by
dB =B, df (3.2)

It is sometimes of interest to express the spectral brightness in terms of B,
rather than B where B, is the power per unit area per unit solid angle per unit
wavelength. Over a wavelength interval dA corresponding to the frequency

interval df above, the area under the curve contains the same brightness dB.
Thus,

dB = B,dA (3.3)
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From equations (3.2) and (3.3) and noting that

df =——-d4 (3.4)

the following expression for B, is obtained:

2he 1

5 hc
/1 elkT _1

B, = (3.5)

The negative sign in (3.4) has been ignored because it merely reflects the fact
that f and A increase in opposite directions and it has no bearing on the
magnitudes of dA and df. The curves shown in Figure 3.1 are also plots of B,,
with the right-hand ordinate scale expressing B,, and the corresponding

frequency and wavelength scale given as abscissa along the top of the chart.

3.1.3 Application of millimeter-wave radiometry

Millimeter-wave radiometry has a lot of applications as discussed in Chapter
2. All these applications can be classified into three general topics:
astronomical studies, military and security applications, end environmental
monitoring. A fourth relative new topic can be included: food applications.
Radiometers have been used to measure the radio emission from numerous

objects in our galaxy as well as from objects in other galaxies [3.4].
The military and security use of radiometers is primarily for detecting or

locating hidden weapons [3.5]-[3.9]. The term used for characterizing the

emission by the scene observed by the radiometer (through its antenna
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beam) is the brightness temperature T, which may vary from zero K (for a
non emitting medium) to a maximum value equal to the physical temperature
To, of the scene (for a perfect emitter known as a blackbody). Equivalently,
the emissivity e(=Tg/T,) varies between zero and unity. Theoretically, a
perfectly conducting material, such as a metal object, has zero emissivity,
thereby making it easy to differentiate from the earth's background (the
emissivity for land surfaces is rarely <0.3 and is often >0.7). Although metal
objects do not self-emit, their radiometric temperatures are not identically zero
because they reflect downward-emitted sky radiation. The radiometric
contrast between a field of view (FOV) with and without a target contained in
it is a function by the antenna beamwidth, being in turn determined by the
size of the antenna and the millimeter-wave frequency. Operationally,
millimeter-wave radiometers are used in conjunction with other superior-
spatial-resolution sensors such as radars and infrared scanners, which serve

as the prime sensors for detecting the presence of military targets.

Aside from their use in radio astronomy and for military applications,
millimeter-wave radiometers have found extensive use in several geoscientific
fields including meteorology, oceanography, and hydrology [3.3]. Most of
these applications are those involving observations of oceanographic
parameters or atmospheric parameters over the ocean, such as sea surface
temperature, wind speed, atmospheric water-vapor content, liquid-water
content, temperature profiles, rainfall rates, etc. Over land, monitoring snow
accumulation and depletion may be feasible. Another land application that
may be served by millimeter-wave radiometry is soil-moisture determination
[3.10]. Extensive research has been conducted using ground-based and
airborne millimeter-wave radiometers to determine the radiometric sensitivity
to soil moisture content, soil surface roughness, soil type, and (to a lesser

extent) vegetation cover.
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3.1.4 Operation of radiometers

The signal received by a radar receiving antenna consists of energy scattered
back by the target after it has been illuminated by the radar transmitting
antenna. For the radiometer, the "transmission source" is the target itself, and
the radiometer is merely a passive receiver. The energy received by a
radiometer is due to radiation self-emitted and/or reflected by the scene and
collected by the antenna. The power P emitted by an object in thermodynamic
equilibrium is a function of its physical temperature T, and in the millimeter-
wave region P is directly proportional to T, [3.3]. For a given value of T, the
maximum amount of power that an object can emit is equal to Py, the power
emitted by an ideal blackbody. If a millimeter-wave antenna is placed inside a
chamber whose walls are made of a perfectly absorbing (and therefore,

perfectly emitting) material, the power received by the antenna is

P,, =KTB (3.6)

where k is Boltzmann's constant and B is the radiometer bandwidth. The
above correspondence between power and temperature has led to the
definition of radiometric temperatures to characterize the power emitted by or
received from a real scene. Specifically, the term radiometric brightness
temperature Tg is used to characterize the emission by a material through the

expression

P
T, = 3.7
5 = B (3.7)

where P is the power emitted by the material over the bandwidth B.
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Similarly, corresponding to the power P4 received by a radiometer antenna, a

radiometric antenna temperature T, is defined by

T,= 2 (3.8)

If the scene observed by the antenna beam is characterized by a uniform
brightness temperature Tg (representing radiation in the direction of the
antenna), then T,=Tg. In the general case, however, T, represents all incident
radiation upon the antenna, integrated over all possible directions and
weighted according to the antenna directional pattern. Additionally, in the real
situation, other factors also are involved. These include the effects of the
atmosphere and self-emission by the antenna structure.

It was stated earlier that a radiometer is merely a passive receiver. A
radiometer, however, is different from traditional radar or communications
receivers in two respects. First, whereas the input signal that is processed by
a traditional receiver may be phase-coherent and nearly monochromatic, the
natural radiation emitted by material media is phase-incoherent and extends

over the entire electromagnetic spectrum. That is, it is "noiselike™ in character

and similar to the noise power generated by the receiver components.

The second difference relates to the signal-to-noise ratio, S, at the receiver
output. In traditional receivers, faithful extraction of the information contained
in the received signal necessitates that S,, >>1 to differentiate the signal from
the fluctuating component of the noise. This condition usually is achieved
through a combination of amplitude and waveform design of the transmitted
signal and the application of signal-processing modes in the receiver section,
although some scatterometers use methods similar to those used in

radiometers.

21



Unlike the situation in traditional receivers, the radiometric signal to be
measured, Pa, usually is much smaller than the receiver noise power.
Radiometers are highly sensitive receivers that are configured to measure
very small input signal levels with a high degree of precision. Several different
configurations have been developed, [3.11]. For the purposes of this thesis
work, we shall discuss the operation of the configuration used for the MWW

imaging system (Section 4.1), known as the total-power radiometer.

The block diagram of a typical total power radiometer is show in Figure 3.2.
The front end of the receiver is a standard superheterodyne circuit consisting
of a radio frequency (RF) amplifier, a mixer/local oscillator, and an
intermediated frequency (IF) stage, followed by a detector and an integrator.
The power delivered by the antenna usually is broadband noise extending
over a wider bandwidth than the receiver bandwidth B. The function of the RF
amplifier is to filter the input signal by amplifying the frequency components
contained in the bandwidth B centered at the RF frequency of interest, frr.
The mixer and IF amplifier translate the RF band of signals of bandwidth B to
the same bandwidth at the IF and provide further amplification. In practice,
the RF amplifier usually has a wider bandwidth than that of the IF amplifier,
and therefore the predetection bandwidth B is effectively determined by the IF
amplifier bandpass characteristics. The detector is generally a square-law
device, so that its output voltage is proportional to the input power, [3.12]. The
integrator is essentially a low-pass filter with a cutoff frequency of 1/1, and

serves to smooth out short-term variations in the noise power.
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Figure 3.2. Total power radiometer block diagram.

If the antenna is pointed at a background scene with a brightness
temperature Tg, the antenna power will be Pa=kTgB. The receiver contributes
noise which can be characterized as a power Pr=kTgrB at the receiver input,
where Tg is the overall noise temperature of the receiver. Thus the output

voltage of the radiometer is
Vo =G(T, +T, kB (3.9)

where G is the overall gain constant of the radiometer. Conceptually, the
system is calibrated by replacing the antenna input with two calibrated noise
sources, from which the system constants GkB and GTgrkB can be
determined. (This is similar to the Y-factor method for measuring noise
temperature). Then the desired brightness temperature, Tz, can be measured

with the system.
Two types of errors occur with this radiometer. First is an error, ATy, in the

measured brightness temperature due to noise fluctuations. Since noise is a

random process, the measured noise power may vary from one integration
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period to the next. The integrator acts to smooth out ripples in V, with

frequencies components greater than 1/t. Then the remaining error is

Ty + Tk

Bz

AT, = (3.10)

This result shows that if a longer measurement time, 1, can be tolerated, the

error due to noise fluctuation can be reduced to a negligible value.

A more serious error is due to random variations in the system gain, G. Such
variations generally occur in the RF amplifier, mixer, LO or IF amplifier, over a
period of one second or longer. So if the system is calibrated with a certain
value of G, which changes by the time a measurement is made, an error will

occur, as given as
AT, = (T, +TR)E (3.11)

where AG is the rms change in the system gain, G.

It will be useful to consider some typical numbers at this time. For example, a
10 GHz total power radiometer may have a bandwidth of 100 MHz, a receiver
temperature of Tg=500 K, an integrator time constant of 1=0.01 s, and a
system gain variation AG/G=0.01. If the antenna temperature is Tg=300 K,
(3.10) gives the error due to noise fluctuations as, ATy =0.8 K, while (3.11)
gives the error due to gain variations as ATz=8K. These results, which are
based on reasonably realistic data, show that gain variation is the most

detrimental factor affecting the accuracy of the total power radiometer.
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3.2 Millimeter-wave imaging

3.2.1 What is Millimeter-wave Imaging?

Millimeter-wave imaging is a method of forming images through the detection
of millimeter-wave radiation from a scene [3.1]. This power is a combination
of what the scene object is directly emitting and what it is reflecting from its
environment. The amount of power can be assigned a level within a gray
scale to generate the image. The amount is thus fundamental to the
generation of the image, and an understanding of what contributes to this

power is needed.

The millimeter-wave radiation has the ability to see under conditions of low
visibility (fog, clouds, smoke, sandstorms, etc.) that would ordinarily blind
visible or infrared (IR) systems. The amount of radiation emitted in the
millimeter wave range is 10® times smaller than the amount emitted in the
infrared range. Millimeter-wave imaging also provide transmission through

optically opaque layers and passes through many materials such as clothing.

3.2.2 Types of millimeter-wave imaging
In general, there are two different modes which can be distinguished for the

development of millimeter-wave imaging systems: the passive mode and the

active mode,
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3.2.2.1 Passive millimeter-wave imaging

Passive millimeter-wave mode may be defined as picture-taking with
millimeter-waves, where each target is an energy source that generates and
radiates or reflects energy in the millimeter-wave region as shown in Figure
3.3. In this mode the spectral distribution of natural radiation which is emitted
or reflected from the target at environmental temperatures is properly
captured and displayed (radiometry concept), the targets are not "illuminated"
by reflected or scattered sources. Because the sources themselves are
active, the system -without its own illuminator- is termed passive. On this
mode the radiation of MMW is non ionizing and hence radiation does not

represent a health hazard to people under observation.

Figure 3.3. Passive millimeter-wave mode. R; = incident radiation, R, = reflected radiation,

and R, = emitted radiation.
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3.2.2.1 Active millimeter-wave imaging

In Active millimeter-wave mode a millimeter-wave source is required to
illuminate the scene. The source produces much higher powers than those
thermally emitted from targets within the scene as illustrated in Figure 3.4. In
active imaging, thermal millimeter waves generated by objects within the
scene are of less significance due to the much higher power produced by the
source which allows us to have a better contrast than in passive mode. On
this mode we have to verify that the millimeter-wave radiation does not
present a health hazard to people by complying with the safety standards for
RF/microwave exposures, as will be explained in Section 4.5.2.

Figure 3.4. Active millimeter-wave mode. R; = radiation emitted by the source to illuminate

the target, and R, = emitted radiation. Re << Rs.

In this thesis work, both passive and active modes have been performed as

will be shown in the next Chapter.
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Experimental Arrangement

This chapter explains the details of the millimeter-wave (MMW) imaging
system as well as the assembled radiometer (Section 4.1). In Section 4.2 an
in depth explanation on the integrator design is given. In the Sections 4.3 and
4.4 the operation of the millimeter-wave lens and the absorber material are
exhibited, respectively. Finally, in Section 4.5, the operation of the whole

system in both active and passive approach will be explained.

4.1 Block diagram of the MMW imaging system

The block diagram of the proposed MMW imaging system is shown in Figure
4.1. The goal of the system consists of a millimeter-wave absorbing
background foam, a millimeter-wave lens, a receiving antenna, and a
radiometer. The foam is used only in active approach as mentioned in Section
4.4. The different objects are sensed by placing them in front of the antenna
and focused by the millimeter-wave lens. This lens is made of teflon and has
a diameter of 16.2 cm. Its focal length was obtained in both theoretically and
experimentally as discussed in Section 4.3. For the receiving antenna, three
different types of antennas were used in the development of the system as
explained in Section 4.5. As a novelty in MMW imaging a fourth substrate
integrated waveguide antenna was designed to be used in the MMW imaging

system, which will be explained in detail in next Chapter.
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As we see in Figure 4.1, we added to the system a nipkow disc to sampled
the image formed by the lens and finally displayed it on the computer. It
consists of a metal disc which has a spiral of circular holes drilled in it. Each
hole provides one of the curved scan lines to reconstruct the image being

observed as explained in detail in Chapter 6.

Absorber Nipkow Disc
Metal Plate Lens _
o Antenna
2]
%"'3 —— Radiometer
GG
Computer
Process

—
24 cm distance

Figure 4.1. Block diagram of the MMW imaging system.

The radiometer constructed for the MWW imaging system is shown in Figure
4.2. The total power configuration was utilized (see Section 3.1.4). All the
components were placed into a metal box to avoid electromagnetic

interference from the surroundings.

Antenna LNA Mixer LO

Input

Detector

J. Integrator

!

Output

Figure 4.2. Electronics of the MMW imaging system.
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The specifications of the components used in the constructed radiometer are
shown in Table 4.1. The LNA is used to amplify the small radiation emitted by
the target. It has a bandwidth from 15 to 26 GHz, 2.8 dB (1.90 W) of noise
figure (NF) and a gain (G) of 55 dB (316.23 W).

The mixer is a triple balanced mixer with Noise Figure of NF=9.5 dB (8.91

W). It works in down-conversion mode.

The local oscillator achieves an output power (OP) from 13 to 16 dBm (19.95
to 38.91 mW) with phase noise (PN) of ~135 dBc/Hz, and a tuning range from
20.641 to 21.7 GHz.

The detector is a square law detector, with a bandwidth from 0.01 to 40 GHz
and a standing wave ratio (SWR) of 1.90 at 40 GHz. To interconnect all the
components we used microwave flexible cables (model 85CF-0030-20X20,
from Microstock, Inc.) of 5.5 cm length each with K type connectors on both
sides. The bandwidth of the whole system is determined, in our case, by the
LNA and the rectangular horn antenna, thus providing a system bandwidth
from 18 to 26 GHz.

Table 4.1. Component characteristics of the total power radiometer.

Component Company Characteristics Frequency (GHz) Model Number
QuinStar 55dB, G
LNA Technology, Inc. 2.8 dB. NF 15— 26 QLW-15262855-JO0
LO:2-24
Mixer M/A-Com Inc. 9.5dB, NF RF:2-24 MY52C
IF:0.1-5
Lucix 13-16 dB, OP
LO Corporation 135 dBc/Hz, PN 20.641-217 LO-211-FC-207378
Detector Anritsu 1.90, SWR 0.01-40 75VA50
Corporation
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4.2 Integrator design

The purpose of the integrator is to enhance the sensitivity of the system as
we have seen in Section 3.1.4. We designed an integrator using an
operational amplifier (TLO81CP from Texas Instruments) on a protoboard.
The electronic integrator [4.1], is a device that produces an output waveform
whose value at any instant of time equals the total area under the input
waveform up to that point of time (mathematical integration). When the input
to a practical integrator is a dc level, the output will rise linearly with time, and
will eventually reach the maximum possible output voltage of the amplifier
(saturation). To eliminate this problem in practical integrators, a resistor Ry is
connected in parallel with the feedback capacitor C, as shown in Figure 4.3.
Since the capacitor is an open circuit as far as dc is concerned, the integrator
responds to dc inputs just as if it were a normal inverting amplifier. At high
frequencies, the impedance of the capacitor is much smaller than Ry, so the
parallel combination of C and Ry is essentially the same as C alone, and

signals are integrated as usual.

Rf
Ay
C
I
11
R
Win A A

+ Wout

2

S

Figure 4.3. Diagram circuit of a practical integrator.
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Because the integrator’s output amplitude decreases with frequency, it is a
low-pass filter. It is sometimes called smoothing circuit, because the
amplitudes of high-frequency components in a complex waveform are
reduced, thus smoothing the jagged appearance of the waveform. This

feature is useful for reducing high-frequency noise in a signal.

While the feedback resistor prevents integration of dc inputs, it also degrades
the integration of low-frequency signals. At frequencies where the capacitive
reactance of C is comparable in value to Ry, the net feedback impedance is
not predominantly capacitive and true integration does not occur. As a rule of
thumb, we can say that satisfactory integration will occur at frequencies much

greater than the frequency at which X¢ = Rr [4.1]. That is, for integrator action

we want
Xc << R;
<< R;
274C
or
f>> ! 4.1
27R,C (4.1)

(4.2)

defines a break frequency in the Bode plot of the practical integrator. As
shown in Figure 4.4, at frequencies well above f¢, the gain falls off at the rate
of -20 dB/decade, like that of an ideal integrator, and at frequencies below fc,

the gain approaches its dc value of R¢/ R;.
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Figure 4.4. Bode plot for the practical integrator, showing that integration occurs at

frequencies above 1/(2R/C) Hz.

Thus, to integrate signals with low frequencies such as down to 100 Hz, we
require fc << 100 Hz. Let us choose fc one decade below 100 Hz. Then, from

equation (4.2),

If we choose C=10 nF. Then

0:743
2R, (10°)

1

Ri=——————— =159 MQ
27(10)(10°%)

The value of R¢ is chosen depending on the maximum peak of the output

voltage that is desired. In our case, the chosen R¢ value was of 145 KQ.
Once having the values of Rrand R¢, we need to find the input resistor value

(R1), which will provide us the integration time value (1) of the final integrator

design.
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To obtain this integration time value we performed several tests. These tests
consisted in measuring the output voltage of the system without placing any
object in front of the antenna (initial voltage), and then placing a metal plate
(final voltage), to finally obtain the voltage difference produced with the
different integration times. Table 4.2 shows test results obtained by keeping
constant C (10 nF), and varying Rs. The best value for R; with a parabolic
horn antenna (see Section 4.5.1), was of 10 KQ giving us a t of 0.1
milliseconds. Similar tests were made by using a rectangular horn antenna
providing a 1 of 3 milliseconds with a Ry value of 300 KQ. Table 4.3 shows the

component values of the final integrator circuit.

Table 4.2. Test results to obtain the integration time value for the integrator design by using a
parabolic (a) and a rectangular horn antenna (b). The best R7 value in (a) was of 10 KQ
giving a T of 0.1 ms, and the best R7 value in (b) was of 300 KQ providing a t of 3 ms. The

value of the feedback capacitor in both tests was kept constant to 10 nF.

R1 Initial Voltage | Final Voltage | Difference
(KQ) V) (V) (mV)
1 3.1822 3.1855 3.3
5 2.8046 2.8116 7.0
10 1.0570 1.0672 10.2
20 0.5880 0.5890 1.0
50 0.2650 0.2684 3.4
100 0.1398 0.1413 15
150 0.0921 0.0929 0.8
200 0.0707 0.0713 0.6
300 0.0465 0.0468 0.3
500 0.0224 0.0226 0.2
(a)
R1 Initial Voltage | Final Voltage | Difference
(KQ) (mV) (mV) (mV)
82 269 280 11
160 126 142 16
300 81 117 36

(b)
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Table 4.3. Component values of the final integrator circuit.

Component Value
R1 300 KQ
Rf 1.59 MQ
C 10 nF
Rc 145 KQ

4.3 Millimeter-wave lens

Millimeter-wave lenses are used in radiating systems to focus the radiation
from primary sources into desired directions [4.2]. The basic function of the
millimeter-wave lens is to form an image of the object being observed and
then this image can be sampled by the Nipkow disc. In millimeter-wave lens,
reflections from the dielectric can cause feed mismatch and power loss. As
shown in Figure 4.5, reflections from the convex surface of the lens do not
return to the source except for points at or near the axis. However, reflections
from the plane surface are refocused at the lens and cause significant
mismatch in the feed system, depending on the dielectric constant of the lens

material. For normal incidence, the reflection coefficient is given by

‘F‘: ZL_ZO‘_\/Z_I

Z.+Z, e +1 (4-3)

Where 7, =n,=-/u,/¢, and Z =n=./u,/&,e, - For polystyrene: £=2.6,
=0.2344; for alumina: &=9.8, '=0.5158. Thus, for a small reflection

coefficient, a low dielectric constant material is desirable.
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Figure 4.5. Reflected waves entering primary source. Reflections from the convex surface of

the lens do not return to the source except for points at or near the axis. However, reflections
from the plane surface are refocused at the lens and cause significant mismatch in the feed

system, depending on the dielectric constant of the lens material.

To focus the radiation emitted by the object to the antenna, we used a
millimeter-wave lens in our MMW imaging system. This lens is of plano-
convex type and is made of teflon material, it has a diameter D = 16.2 cm and
a curvature radius CR = 12.38 cm. We chose a plano-convex configuration
because this kind of millimeter-wave lens configuration has different
advantages in terms of fabrication simplicity such as reduced thickness (and
consequently the overall weight of the lens). The teflon material has a
permittivity ¢ = 2.1 and a refractive index n = 1.45 at millimeter-wave
frequencies, covering the low permittivity characteristic explained in the
preceding paragraph. The lens is covered with a metal ring of 2 cm of width to
reduce the border reflections. Photographs of the millimeter-wave lens used
are shown in Figure 4.6. This lens was provided by Dr. Soto from Instituto de
Fisica of BUAP.
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Figure 4.6. Lateral (a) and frontal (b) view of the millimeter-wave lens used in the MMW

imaging system. The target’s radiation is focused to the antenna by the lens. It is of plano-
convex type and is made of feflon material (&, = 2.1, n = 1.45). Its dimensions are: D = 16.2
cm, CR=12.38 cm.

To obtain the focal length the equation of the circle was used, as follows:

x> +(y—-R)’ =R’

or, for y<<R
2
R~ 2 (4.4)
2y
The thin lens equation is given by:
1 1 1
—=(n-1D ———
= )( R sz (4.5)

From (4.4), the radius of the lens is:

2
rRe BD° 53
2(2.65)
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By applying the previous result in (4.5), and knowing that Rs;=« for plano

convex lenses, the focal length is:

1

1 1
L= (45— 1)[oo -

-~ [=0.03635 cm™
—-12.38 cm

or

f =27.51 cm

Experimentally this focal length was not used due to the maximum object
detection was obtained by placing the objects at 24 cm away from the

millimeter-wave lens.

4.4 Millimeter-wave absorber materials

As the name implies, millimeter-wave absorbing materials are coatings whose
electrical and magnetic properties have been altered to allow absorption of

millimeter-wave energy at discrete or broadband frequencies [4.3], [4.4].

Altering the dielectric and magnetic properties of existing materials will
produce millimeter-wave absorbers. For the purpose of analysis, the dielectric
properties of a material are categorized as its permittivity and permeability.
Both are complex numbers with real and imaginary parts. Common dielectric
materials used as absorbers have no magnetic properties (giving them the
permeability of magnetic materials, such as ferrites, iron and cobalt-nickel
alloys), which means they can be used to alter the permeability of the base
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material. High dielectric materials, such as carbon, graphite and metal flakes,

are used to modify the dielectric properties.

To optimize the use of absorbers in a design, there are two sets of
parameters that should be critically analyzed: electrical and physical. Thus
the goal of the absorber manufacturer is the compromise of the electrical
performance, thickness, weight, and mechanical attributes of these materials

with the final cost of the absorber.

Millimeter-wave absorbers are increasingly used to enhance shielding
performance at higher frequencies. Products including elastomers, foams,
thermoplastics and other custom solutions can aid with a wide variety of
problems such as internal cavity resonances, antenna pattern shaping and

high-frequency interference.

The millimeter-wave absorber used in our MMW imaging system was the
eccosorb AN-79 from Emerson and Cuming Microwave Products Ltd (see
appendix A). It is made from polyurethane foam that is treated with carbon
with the characteristics of lightweight, flexible, and broad bandwidth (from 0.6
to 40 GHz). It reflects less than -20 dB (<1%) of normal incident energy above

specified bandwidth.

This absorber, which dimensions are 100 x 61 x 5 cm, has two behaviors
depending on the mode used. In active approach the absorber helps to
eliminate undesired reflections from the emitting sources as the LO and the
millimeter-wave source, as explained in Chapter 7. In passive approach, the
absorber introduces more undesired radiation rather than eliminate it. Thus,
only in active approach the absorber is placed one meter away from the

antenna and it is used as background to get more accurate measurements.
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4.5 Principle of the MMW detector system

As discussed in Section 4.1, we sense objects of different materials, as

shown in Figure 4.7.

Metal Plate Lens

Antenna

[ Radiometer

| Multimeter
[

24 cm distance

Figure 4.7. Setup for measuring the radiation of the objects.

The antenna detects the natural radiation which is emitted or reflected from
the object at room temperature. Then the LNA receives this signal and
provides a gain of 55 dB after which a mixer downconverts the frequency
range from 4.3 to 5.359 GHz (this range is limited by the antenna and LNA
bandwidths). By down converting the signal more sensitivity is obtained when
compared to directly placing the detector after the LNA. Once the detector
receives the signal, it converts it into a dc voltage which is directly
proportional to the receiver input noise power, as mentioned in Section 2.1.4.
Then this dc voltage is smoothed by the integrator and finally displayed in a
HP 34401A digital multimeter.

As exhibited in Chapter 3, passive and active approaches were performed,

whose configurations will be explained below.
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4.5.1 Passive millimeter-wave (PMMW) approach

To measure the objects in PMMW approach three different types of antennas
were used. For initial tests, we used a parabolic horn antenna. A photograph
of this antenna is shown in Figure 4.8. The specifications of this antenna are

not available. Experimental results are shown in the Chapter 7.

Figure 4.8. Photograph of the parabolic horn antenna used in the PMWW imaging system.

The second antenna employed was an antipodal Vivaldi antenna constructed
by Colin et. al., [4.5]. The substrate used on this antenna was RT/duroid
5880® with relative permittivity (¢;) of 2.2. The return loss of the antenna is
under -7.5 dB in a bandwidth of 122% (from 10 to 37 GHz) with a microstrip
transition of 50Q. A photograph of the antenna is shown in Figure 4.9. The
usage of this antenna allowed improvement of the measured results as we

will also see in Chapter 7.

Figure 4.9. Photograph of the antipodal Vivaldi antenna used in the PMWW imaging system.
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Finally a rectangular horn antenna was tested in the passive approach. This
is a commercial available antenna from Advanced Technical Materials, Inc. It
has a bandwidth of 18 to 40 GHz. The dimensions of the rectangle are 1.60 x
1.18 inches (4.06 x 3.00 cm) as illustrated in Figure 4.10. Photographs of the
antenna are shown in Figure 4.11. With this antenna we obtained the best
performance of our MMW detector system, as will discussed later in Chapter
7. Photographs of the final MMW imaging system are shown in Figure 4.12
and 4.13.

TYPE=-K(F)
CONN.

3.47

A

Figure 4.10. Dimensions in inches of the rectangular horn antenna used in the PMWW

imaging system.

o

Figure 4.11. Photographs of the rectangular horn antenna used in the PMWW imaging

system.
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Figure 4.12. Photograph of the MWW detector system. The components are placed into a

metal box for avoid noise distortions from the surroundings.
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Figure 4.13. Photograph of the top view of the assembled radiometer.
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4.5.2 Active millimeter-wave (AMMW) approach

As shown in Section 3.2.1.2, in AMMW imaging a source is needed to
illuminate the scene under observation. For that purpose we used the same
setting as the passive mode (using the rectangular horn antenna) but adding
a millimeter-wave generator (HP8350B, from Hewlett-Packard) to radiate the
object being measured. This generator has a variable frequency range from
0.01 to 26 GHz, and variable output power from -2 to 23 dBm (0.63 to 199.53
mW), with resolution power of 0.1 dBm (1.02 mW). The generator produces
much higher powers than those emitted from the object being scanned, which
means we can get greater contrast between the object and its surroundings.
The diagram of the system in active mode is shown in Figure 4.14. We used
the Vivaldi antenna (see Section 3.5) for transmitting power from the
millimeter-wave generator. As the side lobes of the Vivaldi antenna produce
distortion in the readings we had to cover it with metal paper to eliminate

these lobes. Full experimental results are shown in Chapter 7.

Absorber

Object Lens

Antenna

[ Electronics

\ Multimeter

Vivaldi
antenna

Millimeter-wave
Source

Figure 4.14. Diagram of the MMW imaging system in active mode.
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4.5.2.1. EM radiation effects on biological tissues

The main concern of radiation in active approach is related to health and
safety of biological tissues. Due to this, a special analysis has to be made
according to the international safety standards, when active approach is

performed.

The IEEE has released safety standards to regulate the emissions of

microwave radiation.

The IEEE C95.1-2005 is one of the safety standards for RF/microwave
human exposures [4.6]. The complete name is Standard for Safety Levels
with Respect to Human Exposure to Radio Frequency Electromagnetic
Fields, 3 kHz to 300 GHz. This standard contains exposure limits for electric
fields and magnetic fields that are whole-body and time averaged. This
standard specifies that, for a frequency range of 3 kHz to 300 GHz, the
radiated power density must not exceed 10 mW/cm? as shown in Figure 4.15.
As it can be also seen from Figure 4.15, the radiation allowance for humans is

much lower at longer wavelengths.

100

10—

Fower Density (mvi T cm™

| |
01 : 10 100 1000

Frequency (GHz)

Figure 4.15. Graph of radiated power density vs. frequency. The radiated power density must

not exceed 10mW/cm?.
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The evaluation of the field can be done in the far field area using the far field
computation rules. For this analysis, the human subjects are located in the far
field of the antenna. At this distance from the system, the electrical and
magnetic fields can be regarded as being established and a spherical wave

as being diffused.

The EIRP (Equivalent Isotropic Radiated Power) of the millimeter-wave
source (HP8350B) used in the AMMW imaging system can be obtained as

follows:

EIRP =P, +G, (4.4)
EIRP =23 dBm +5 dBi =-7 dBW +5 dBi =—2 dBW =630.96 mW

Where Pris the maximum Transmit power of the source and G; is the gain of
the used antenna. In this case, the horn antenna (mode 180-442-KF, from
Advanced Technical Materials, Inc) has G,=5dBi at the center frequency
(26GHz). At the axis of the antenna where the field is at its maximum and is
located for example to 10 cm away from the antenna, the maximum

measurable power density is therefore obtained by the following formula [4.7]:

630.96 mW
EIRP 050 mVV 2
47(10 cm) cm (4.5)

4z d?

From this result, it can be stated that in the worst-case scenario (Maximum
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transmit power at 10cm distance) the power density generated by the system

will never exceed 1/20 of the maximum permissible limit (see figure 4.14).

These findings show that the AMMW imaging system therefore has potentially

no health hazard on persons using it. However if any changes were made to

the setup newer calculations should be computed.

[4.1]
[4.2]

[4.3]

[4.4]

[4.5]

[4.6]

[4.7]
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Substrate Integrated Waveguide

Exponential Flare Horn Antenna

In this chapter the Substrate Integrated Waveguide (SIW) Exponential Flare
Horn Antenna design will be explained. It begins with an explanation of the
Substrate Integrated Circuit (SIC) technology. Then proceeds to explain the
narrow bandwidth SIW flare horn antenna already proposed in the literature,
and our new proposed wide bandwidth design. Full simulation and
optimization of this latter antenna are shown along with a comparison with the

current state of the art of antennas.

5.1 SIC’s Technology

At millimeter-wave frequencies, the classical waveguide technology has two
fundamental problems, namely, radiation loss due to discontinuity, and
difficult modal transition to planar circuits. Subsequently the concept of a new
generation of high frequency integrated circuits called “substrate integrated

”

circuits - SIC’s” has been developed. This new concept has unified the hybrid
and monolithic integrations of various planar and non-planar circuits that are

made in single substrate and/or multilayer platforms.

SIC’s architecture can serve as the design base for a broad range of hybrid

planar/non-planar circuits for millimeter-wave applications. As a matter of fact,
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the SIC technology can greatly facilitate interconnects and integrations
between planar and non-planar circuits, which can be made in a single
fabrication process. At the same time, this scheme can be used to design low
cost high performance (high Q) passive circuits such as resonators [5.1],
filters [5.2], couplers [5.3], power dividers [5.4], circulators [5.5], and antennas
[5.6].

The SIC concept can be used to synthesize almost all kinds of waveguide by
simply using air holes (or other material filled holes) and metallized holes.
Furthermore, most of these synthesized waveguides are interconnected to
planar circuits with simple transitions that are also fabricated on the same
dielectric substrate. Since this technology is compatible with many fabrication
processes we can expect strong and growing interests in it for many high

frequency applications.

5.1.1 SIC's Concept

The fundamental of the SIC’s concept is to synthesize non-planar structure
with a dielectric substrate and make it in planar form, which is completely
compatible with other planar structures [5.7]. This can usually be achieved by
creating artificial waveguiding channels. In this case, alternated dielectric
constant profiles of substrate using air holes or composite dielectric media
and/or synthesized metallic walls using metallized vias are generally
fabricated. The resulting structure on the substrate will be a planar
waveguide, which has much better loss characteristics than planar
counterparts, allowing for the design of millimeter wave high Q circuits using a
low cost fabrication technique. Furthermore, the synthesis of a non-planar
waveguide in a substrate permits the realization of efficient wideband

transitions between the synthesized non-planar waveguide and planar circuits
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such as microstrip and coplanar waveguide (CPW) integrated circuits. With
these transitions, the complexity and cost of interconnection between non-

planar high Q circuits and planar circuits is reduced to a minimum.

Another potential advantage of the SIC technology is that the planar circuits
could easily be combined with many types of SIC’s on the same dielectric
substrate so to achieve high efficiency and high density millimeter wave
integrated circuits in which antenna, circulator, filters, attenuators, amplifiers

and mixer and many other circuits are all integrated.

Finally, the SIC concept is compatible with many existing fabrication
processes including the microwave integrated circuit (MIC) fabrication
technique, the thin film ceramic process, the HTCC and LTCC technologies
and the microwave monolithic integrated circuit process (MMIC). Generally,
the critical aspect of fabricating SIC circuits is the positioning of the holes or
vias along the substrate that should be controlled adequately, as exhibited

below.

5.1.2 Substrate Integrated Waveguide (SIW)

It is known that the proposed integration schemes of the conventional
rectangular waveguide with planar structures are bulky and usually require a
precision machining process, which is difficult to achieve at millimeter-wave
frequencies for mass production. A straightforward solution is to integrate the
rectangular waveguide into microstrip circuit substrate as we have mentioned
in the above section. This will surely reduce the Q factor of waveguide
compared with the hollow rectangular waveguide because of the dielectric
filling and volume reduction [5.8]. The whole circuit including planar circuitry,

transitions and waveguides can be, however, constructed using standard
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PCB or other planar processing techniques. In addition, the transmission loss
of the substrate transitions may be much lower than that of the transitions or
coupling sections made between the conventional waveguide and planar

circuits.

5.1.2.1 SIW design rule

The rectangular waveguide is synthesized by placing two rows of metallized
holes in the substrate, as illustrated in Figure 5.1. The diameter D of the
holes, the spacing p between the holes, and the spacing W between the two
rows are the physical parameters necessary for the design of the guide. The
pitch p must be kept small to reduce the leakage loss between adjacent
posts. However, the post diameter D is also subject to the loss problem. Due
to the synthesis, the SIW can no longer be regarded as a normal waveguide,
and it is in fact an artificial waveguide. Therefore, the post diameter may
significantly affect the return loss of the waveguide section in view of its input
port. Two design rules related to the post diameter and pitch are used to
neglect the radiation loss [5.7]. These rules have been deducted from

simulation results of different SIW geometries.

D<ol (5.1)

where Ag is the guided wavelength, and

p<2D (5.2)
These two rules ensure that the radiation loss be kept at a negligible level. In
this case, the SIW can be modeled by a conventional rectangular waveguide

(RW). When following the two above rules, the mapping from the SIW to the
RW is nearly perfect in all the single mode bandwidth. All the existing design
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procedures and theoretical frameworks developed for the rectangular
waveguide are directly applicable to its synthesized counterpart.
Nevertheless, dielectric filling effects and geometrical particularity of the
synthesized waveguide should be accounted for coupler and antenna
designs. Finally, a nonessential but desirable condition for the manufacturing
process is to minimize the number of holes. These holes are usually
mechanically drilled and chemically electroplated, and the production time is

proportional to their number.
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Figure 5.1. Topology of an SIW guide realized on a dielectric substrate with its physical

dimensions (from [5.7]).

5.1.2.2 SIW transitions

SIW guide can easily be integrated with active devices because the design of
transition between the SIW guide and the planar technology is
straightforward. The first transition presented has involved a microstrip line
[5.9]. The microstrip transition is a wideband structure, covering the entire
useful bandwidth of the SIW guide. This transition structure makes use of a
tapered microstrip line to excite the waveguide mode as illustrated in Figure

5.2a. With low thickness substrate, the conductor loss in the waveguide
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section cannot be neglected and to reduce it, the thickness must he
increased. The coplanar waveguide (CPW) to SIW transition [5.10], is shown
in Figure 5.2b. It consists of a coplanar waveguide section with 90° bend on
each slot. A stub is added on the CPW line to match the transition and the
rectangular waveguide is designed with via holes. However, this transition
exhibits a narrower bandwidth compared to the microstrip counterpart. Thus,
for our antenna design we have used the microstrip transition to obtain the

desired wide bandwidth, as mentioned in section 5.3.

Figure 5.2. Integrated transitions from planar circuits to SIW guide. (a) Microstrip transition

and (b) Coplanar waveguide transition (from [5.7]).

5.2 SIW flare horn antenna

Taking into account the concepts showed in Section 5.1, we can use SIC
technology to integrate an antenna with its transition on the same substrate.
One example of this is the SIW flare horn antenna fabricated by Che et. al.,
[5.6]. These authors proposed a SIW flare horn antenna with dielectric lens
which has a bandwidth from 25.5 to 28.5 GHz and central frequency at 27
GHz. This lens shares the same substrate with the horn antenna. The

simulated model of the antenna is illustrated in Figure 5.3.

55



L

Figure 5.3. Geometry of the SIW flare horn antenna proposed by Che et. al. [5.6]. W,
=3.8mm, L, =2mm, W; =5.32mm, L3 =10mm, W, =7.112mm, L,=3.4mm, H =6mm, B =10°,
L,;=14mm, W,=33.175mm, h =2 mm®.

The substrate integrated rectangular waveguide (SIRW) was made following
the design rules explained in ref. [5.7] and [5.9]. The dimensions of the SIRW
are: width W,=7.112 mm, length L,=3.4mm, cylinder radius r=0.4mm, cylinder
separation p=1mm, width of the horn W;=14mm, substrate thickness h=2mm,
and dielectric constant £=10.2. The tapered-transition from 50 Q microstrip
feed line was designed to provide a low loss transition to the SIRW on the
same substrate. The width of the microstrip is W,=3.8mm, and length
L,=2mm. The taper transition length is L3=10mm, and the larger width
W5=5.32 mm. The overall dimensions of the horn antenna including the arc
lens are 39.175 x 14 x 2 mm°. Following the procedure for a conventional
horn antenna [5.11], the flare angle of the horn chosen by the authors was
B=10°. Based on the operation principle of the optical focus [5.12], the arc
lens is placed before the radiation plane to improve the directivity of the horn

antenna.
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In [5.6] a numerical investigation is presented to find the relation between the
H-plane beamwidth and the arc height with a commercial finite element
method package [5.13] as shown in Table 5.1. As we can see, the beamwidth
of the radiation pattern is dependent on the arc height of the dielectric lens,
i.e., stronger arc height results in narrower beam. We may note that, the arc
height cannot exceed half of the horn width, beyond which the dielectric lens
is not a normal arc and would result in the deterioration of the radiation

pattern.

Table 5.1. The relation between the height H of the dielectric arc lens and the H-Plane
Beamwidth (HPBW).

H (mm) HPBW (°)
0 160
1 150
2 140
3 135
4 90
5 80
6 75
7 68

The experimental antenna prototype was compared with simulated results.
The H-plane and E-plane radiation patterns at 27 GHz are shown in Figure
5.4. The measured gain is about 9 dB, close to the simulation result, and the
front-to-back ratio is about -15 dB. The beamwidths, H and E planes for both
simulated and measured, are quite similar, at about 60°. The antenna
prototype also has a bandwidth of 12%, obtaining better measured return loss
S11 than the simulated (Figure 5.5). However, at around 27.5 GHz the
response worsens. This is probably due to fabrication inaccuracies of the

dielectric arc and the SIRW horn antenna in the substrate.
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Figure 5.4. The measured and simulated radiation patterns of the SIW flare horn antenna at
27 GHz. (a) E-plane, (b) H-plane (from [5.6]).
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Figure 5.5. The measured and simulated return loss S;; of the SIW flare horn antenna (from [5.6]).

This prototype allows the very compact design of a completely integrated
planar platform of horn antenna and its feeding structure on the same
substrate without any mechanical assembly or tuning. The only disadvantage

of this model is the narrow bandwidth (25.5-28.5 GHz), which is not useful for
our application.
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5.3 SIW exponential flare horn antenna: proposed design

5.3.1 Design of the SIW exponential flare horn antenna

One of the requirements which has become a very critical design issue in the
passive MMW imaging systems is the wide bandwidth. A broadband MMW
imaging system allows us to have a greater detection range of objects made
with different materials as the emissivity of each material is different.
Moreover, greater bandwidth detection translates into more receiving power
to be integrated and hence greater system sensitivity. Finally, wide bandwidth

systems are more immune to noise due to their spectral characteristics.

For these reasons, we propose a design of a wide bandwidth SIW horn
antenna for our MWW imaging system. We have used the design of the
antenna performed by Che et. al., [5.6], however, we modified it by

introducing exponential flares to have a wide bandwidth.
We took the Vivaldi antenna concept to obtain the exponential flare of our
antenna design. The Vivaldi antenna is a special type of tapered slot antenna

with exponential flare profile [5.14].

The slot flare is tapered exponentially with the opening rate R, of which the

shape is determined by

y=ce™ +c, (5.3)

where, ¢; and ¢, are determined by the coordinates of the first and last point

of the exponential curve.
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We also changed from the original design the dimensions of the SIRW, the
total length (Ls) and width of the antenna (W;), and the arc height of the lens
(H).

The simulation of the proposed antenna was also made in a commercial finite
element method package [5.13]. Figure 5.6 represents the simulated model of
the antenna. The new SIRW dimensions are W,=6.312mm, L,=3.4mm,
cylinder radius r=0.5mm, and cylinder separation p=1.2mm, substrate
thickness h=2mm, and dielectric constant £=10.2. The new width of the
antenna is W;,=19.4mm, and the arc height of the lens is H=8.6 mm. The
overall dimensions of the horn antenna including the arc lens are 41.775 x
19.4 x 2 mm?®. Changing these values and by using the exponential flares, we

obtained the desired broad bandwidth antenna.

exponential flare

&
&

o
La Lz L4

Y

L,

Figure 5.6. Geometry of the SIW exponential flare horn antenna. W, =3.8mm, L, =2mm, Wj;
=5.32mm, L3=10mm, W,=7.112mm, L,=3.4mm, H =6mm, L,;=41.775, W,=19.4, h =2 mm?.

These parameters of design were chosen by taking into account the physical
materials for constructing the antenna that are commercially available. For
that purpose we have found a substrate (RT/duroid 6010LM, from Rogers
Corporation) which has a €=10.2, and susbtrate thickness h=1.905 mm. We

also found the values for D and p that are commercially available and follow
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the SIW design rules discussed in Section 5.1.2.1. From ec. (56.1) and
knowing that Ag= 11.54 mm [5.15], we obtain:

ﬂg 11.54 mm
D<*=———

5

=2.308 mm

Thus, a cylinder diameter less than 2.3 mm has to be chosen. The minimum
commercial diameter of copper wire available is of 1 mm, thus a cylinder
diameter of 1 mm can be selected. Once we chose the cylinder diameter, we
have to verify if that value follows the second design rule. From ec. (5.2), the

separation p between the cylinders is:

psZD:Z(l mm):2 mm

Thus, a p value of 1.2 mm can be chosen.

5.3.2 Simulation of the SIW exponential flare horn antenna

As said in the preceding Section, the simulation of the antenna was made in a
commercial finite element method package [5.13]. The most difficult part for
optimizing was the opening rate R of the exponential flares (see Section 5.3).
To do so, several simulations with different R values were performed to obtain
the desired wide bandwidth. The best R value was of 0.8 cm™ and by using
this value and the antenna design shown in below Section was obtained the
best response of the return loss Sy in a broad frequency band. The return
loss St response and the antenna radiation pattern are illustrated in Figures

5.7 and 5.8, respectively. As shown in Figure 5.7, this antenna has a wide
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bandwidth from 18 to 40 GHz, having a good response of the return loss Sy4
(under -10 dB approximately). The arc lens placed in the substrate improves

the directivity of the SIW antenna as shown in Figure 5.8.
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Figure 5.7. Return Loss Sy4 of the proposed ISW exponential flare horn antenna.
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Figure 5.8. Radiation pattern of the proposed ISW exponential flare horn antenna.
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It also was simulated an antenna with another commercial substrate

(RT/duroid 5880 from Rogers Corporation) which has a dielectric constant

&~2.2 and substrate thickness h=0.381mm but could not be obtained good

response in the return loss Sy;. Here, the best result obtained was a return

loss of -2.6 dB in the desired bandwidth as shown in Figure 5.9.
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Figure 5.9. Return Loss S44 of the proposed ISW exponential flare horn antenna with

dielectric constant €,=2.2 and substrate thickness h=0.381mm.
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Chapter 1

Nipkow Disc

This chapter begins by giving a brief description of the Nipkow disc device,
and then proceeds to treat the Nipkow disc system designed for the MMW
imaging system. Finally it will be discussed the Nipkow disc system

implementation at millimeter frequencies.

6.1 Theoretical Introduction

Nowadays, there are several methods for image acquisition in MMW imaging.
Early systems used single detectors at the focal plane, the detector being
mechanically scanned across the scene of interest. Due principally to the
slow mechanical scan motion, these systems usually took minutes to take
single-frame images. The present goal in millimeter-wave imaging research is
to drastically reduce the image acquisition time in order to approach TV frame
rates. One of the important approaches being investigated to reach this goal
is the use of focal plane solid-state arrays with individualized amplification
and detection. The other important approach is the combination of raster
motion and a single receiver channel. The raster motion is either of the image
in front of a fixed receiver by means of a flapping reflector [6.1], [6.2] or of the

receiver in front of a fixed image [6.3], [6.4].

Although millimeter-wave imaging is mostly dominated by focal plane arrays,

there are, however, several problems associated with them, like high cost,
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large size, complexities associated with interchannel gain stability, and others
[1, 3], so that, as present, the field remains dominated by scanned systems;
however, their success awaits the discovery of a compact and efficient

scanner capable of achieving video rates.

The Nipkow disc is a possible solution to achieving these video rates. The
Nipkow disc was a device which its inventor, Paul Nipkow, thought could be
used to transmit pictures by wire (1884), [6.5]-[6.7]. The device consists of a
mechanically spinning disc of any suitable material (metal, plastic, cardboard,
etc.), with a series of equally distanced circular holes of equal diameter drilled
in it as illustrated in Figure 6.1. These holes are positioned to form a single-
turn spiral starting from an external radial point of the disc and proceeding to
the center of the disc, much like a gramophone record. When the disc rotates
the holes trace circular ring surfaces. Each hole in the spiral takes a
horizontal "slice" through the image which is picked up as a pattern of light
and dark by a sensor. By spinning the disc rapidly enough, the object seems
complete, in a way similar to cinematography, and capturing of motion
becomes possible. The resolution of the image depends only on the number

of holes of the Nipkow disc.

Light beam Image

( ';27". |r£; /.,'3.. [;é‘ y &

»

Motor _+~ Nipkow
Disc

Figure 6.1. Nipkow disc diagram. The image (letter A), is scanned in slices by each hole in

the spiral to reconstruct the w hole image.
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6.2 Design and implementation of the Nipkow Disc

A Nipkow disc system at the optical region was first designed by Soto et. al.
and proposed to be used at mm waves [6.8]. As convenience the explanation
of the Soto’s work is closely reproduced here. The authors propose a scheme
for raster-scanned image acquisition in which neither the image nor single
channel receiver has to be scanned, and whose maximum frame rate will be
determined ultimately by the speed and sensitivity of the single channel
receiver, and not by mechanical motion limitations. The original system has
two principal components to distinguish: the Nipkow disc and an integrating

sphere.

The Nipkow disc, as discussed in Section 6.1, is provided with a number of
spirally distributed sampling holes, and it is utilized for scanning the object
under observation. It has N sampling holes having a uniform angular
distribution around the disc. Their radial positions vary successively from rpyin
to rmax, With uniform increments of magnitude given by Ar = (fmin — fmax)/(N —
1). Thus, for the ith hole, its radial position is r;= rmin+ (i — 1)Ar, where i = 1, 2,
..., N. This is represented graphically in Figure 6.2. An opaque mask is to be
placed at the back of the rotating disc. This mask contains a window,
designated by abcd in the Figure 6.2, which represents the scanning area of
interest. Its shape, a truncated circular slice, has an angular dimension such
that only one of the sampling holes appears in it a time, and when it
disappears from view, the following one immediately appears on the opposite
side of the window in the next row. The number of curved rows in the
scanning is directly determined by, and is equal to, the number N of the
sampling holes, as said in Section 6.1, while the number M of columns is
determined by the number of measurements taken within the angular

displacement equal to 2m/N of the disc, and can be programmed at
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convenience. Thus, the maximum integration time per sample allowed for the

single-channel receiver is 2m/wNM, where w is the angular speed of the disc.

Figure 6.2. Representation of the rotating disk with 12 sampling holes (from [6.8]). Only the
hole within the window abcd is active; the rest of them are assumed to be covered by an

opaque mask.

The other important component is the integrating sphere. It consists of a
empty sphere whose interior is covered with a layer designed to have a high
diffuse reflectance. When light from a source enters into the integrating
sphere, it loses all memory of the point and direction of entrance at the
entrance port of the sphere, as well as of its original polarization. At the exit

port, the light intensity becomes highly uniform and diffuse.

In Figure 6.3, a diagram of the system is shown. For this system, the
sampling disc was made by covering a 21 cm diameter plexiglas disc with a
circular photolithographic mask containing 24 transparent sampling spots, as
well as 720 radial marks on its periphery. These marks are optically sensed in
order to read the photodetector signal into the computer every 0.5°. Another
single mark on the periphery was used for knowing when the first reading of
the outermost sampling spot takes place. Once the 720 values are read into
the computer, they are assigned 30 per row in 24 rows. The diameter of the

sampling spots is nearly 1mm, and the abcd window is 15° wide and is
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radially placed between 7.4 and 9.5 cm. The integrating sphere as illustrated
in Figure 6.4, was obtained by removing the active parts of an 8 cm diameter
spherical lightbulb, and painting it both internally and externally with diffuse
white-matte vinyl paint. The paint was removed in a 2 mm diameter spot, and
the light escaping through is detected with a highly sensitive New-Focus
model 2151 photodetector. This photodetector transforms the intensity of light
into an electric signal which is processed by a conventional electronic circuit.
Depending on the intensity of light will be the amplitude of the electrical signal

obtained, which can provide us a grayscale in the final computer image.

Optical ohject

~

Integrating
sphere

Light source

St

\ [ Totherc
Cipanue mazk Photodetectar
Sampling disc 5 TothepPC

Pasition
Sensor

Figure 6.3. Schematic if the Nipkow disc system implemented by Soto et. al., [6.8]. Here the

focusing element is represented as a lens.

Figure 6.4. Photograph of the integrating sphere constructed by Soto et. al., [6.8].
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To scan the optical object it has to be placed between the rotating disc and a
red beam laser which is expanded by a lens to illuminate the whole object, as

illustrated in Figure 6.5.

Figure 6.5. Photograph of the optical Nipkow disc system. The laser beam is expanded by a

lens to illuminate perfectly the optical object.

6.3 Nipkow disc system implementation at millimeter

frequencies

In order to prepare the approach at millimeter frequencies, some
modifications have been made to the original design performed by Soto et. al,
[6.8] in a collaborative effort with Dr. Soto and Andrés Mendoza. Essentially
the modified design employs two discs of different diameter, one of 21 cm,
from the original design, and another of 9 cm. The significance of using a
combination of two discs is to enable us to implement this new design at

millimeter frequencies, as will be explained below.
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To use the Nipkow disc approach at millimeter-wave frequencies, it is
important to determine the minimum diameter of the spiral holes of the disc.
In order to find the minimum diameter of the spiral holes, we performed
several tests using metal plates with a central hole diameter of different sizes
(0.5, 1.0, ..., 4.0 cm). The results are shown in Table 6.1. A metal plate is
placed between a power meter (HP437B, from Hewlett-Packard) and a
millimeter-wave source (HP8350B from Hewlett-Packard), as shown in Figure
6.6. The source power used was of 5 dBm (3.16 mW). The initial power of
the system was of -76.12 dBm (2.44E-08 mW), and as can be noticed in
Figure 6.7, a hole diameter of 1.5 cm is the minimum diameter which the
object radiation can be detected by the MMW imaging system, i.e. spiral
holes of at least 1.5 cm are needed to apply the Nipkow disc at millimeter
frequencies. If a resolution by a large number of lines is required, say 24 lines
(as the original design), the Nipkow disc for the MMW imaging system would
have a spiral with 24 holes of 1.5 cm each and the size of the whole disc
would be enormous, a few feet in diameter. Such an instrument would not be
practical and it would be completely out of the question for equipment which

has to be portable and light.

Table 6.1. Test results to obtain the minimum size in diameter of the Nipkow disc holes for
the implementation at millimeter frequencies. The diameter of 1.5 cm is good enough to

detect the radiation object with the MMW imaging system.

Diameter (cm) | Output Power (dBm / mW )
0.5 -68.84 1.3062E-07
1.0 -50.56 8.7902E-06
1.5 -40.75 8.4140E-05
2.0 -38.28 1.4859E-04
2.5 -36.45 2.2646E-04
3.0 -32.2 6.0256E-04
3.5 -30.75 8.4140E-04
4.0 -30.2 9.5499E-04
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Figure 6.6. Diagram of experimental arrangement to find the minimum diameter of the spiral

holes of the Nipkow disc.
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Figure 6.7. Graph of the hole diameter vs detected power. As can be noticed in the figure,

the system begins to detect the object radiation with a hole diameter of 1.5 cm.

A second disc was implemented to separate the monitoring of the angular
positions from the image sampling operation of the large disc. This disc is
made of acetate paper and has 6 groups of 5 radial marks each, and a single
mark on the periphery. The radial marks are separated 15° one of each other

as shown in Figure 6.8. These groups are positioned so that only readings of
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the holes 1, 4, 7, 10, 13 and 16 of the first disc are taken into account, giving
a final resolution of R = NxM = 6x5 = 30 pixels. For that purpose, two
horseshoe detectors are placed in the second disc (Figure 6.9), one of them
to sense the beginning and end of the readings (through the mark on the
periphery), and the other indicates when we have to take the reading from the
photodetector and when not (using the radial marks). Once the 30 values are
read into the computer, they are assigned 6 per row in 5 rows to display the
final image. A photograph of the Nipkow disc system constructed is shown in
Figure 6.10. The original disc is driven by a dc motor having a gear
arrangement and a shaft. The disc is connected to the shaft and turns at
motor speed (600 rpm). The second disc is provided with a central hole
through which the shaft extends and is mounted behind the fist disc as shown

in Figure 6.11. Thus, both discs rotate at the same speed and direction.
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\ Radial marks
" __"‘::;':;--..._./
AT e T
./-'/.-' . - T -\.\'
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Figure 6.8. Mark configuration of the second disc implemented to reduce the resolution of the
original Nipkow disc. The radial marks are separated 15° one of each other and the groups
are positioned so that to only the readings of the holes 1, 4, 7, 10 and 16 are taken into

account.
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Figure 6.9. Photograph of the second disc constructed. Two horseshoe detectors are place in
the disc, one of them to inform us the beginning and end of the readings, and the other to

indicate us when we have to take the reading from the photodetector and when not.

Figure 6.10. Lateral view of the constructed optical image acquisition system. The original
Nipkow disc (big disc in the photo), is driven by the dc motor having a gear arrangement and
a shaft.
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original disc

Figure 6.11. Top view of the constructed optical image acquisition system. The two discs are

mounted on the same shaft allowing them to rotate at the same speed and direction.

As mentioned above, the Nipkow disc system has a resolution of R=30 pixels
per image. These pixels are assigned in 6 columns per 5 rows to construct
the final image. To display the scanned image on the computer a program in
Visual Basic language was made. This program receives the information from
the horseshoe detectors and photodetector through the parallel port of the
computer by using a conventional electronic circuit. One of the horseshoe
detectors informs to the program the beginning and end of the readings and
the other indicates it when it has to take the reading from the photodetector
and when not. We avoid with this any shape distortion in the image
reconstructed. The electronic circuit also converts the data received from the
photodetector in a binary format. Depending of the intensity of light, it will be
assigned a particular binary number to provide us a grayscale in the

reconstructed image.

Several tests by using different optical objects were made. The objects were

mostly alphanumeric symbols such as C, E, 2, etc. Some image results are
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shown in Figures 6.12 to 6.14. As we can observe in the pictures, we
obtained good quality reconstruction of the scanned image at low resolution,

which is needed for millimeter-wave frequencies approach.

(a) (b)
Figure 6.12. (a) Photograph of a letter C illuminated by the laser beam, and (b) computer
image result. The letter C is rotated 90° to the right.

Matriz de Plzelen

(a)
Figure 6.13. (a) Photograph of a letter E illuminated by the laser beam, and (b) computer

image result. The letter E is rotated 90° to the left.
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(a) (b

Figure 6.14. (a) Photograph of a number 2 illuminated by the laser beam, and (b) computer

image result.

Thus, we can conclude that a Nipkow disc method for image reconstruction at

video rates is a viable solution for the MMW imaging system.
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System Results

In this chapter the experimental results of the remote sensing system shall be
treated. The performance and experimental results obtained from the MWW

detector system in active mode will be exhibited.

7.1 Performance of the MMW detector system

As mentioned in Chapter IV, three different kinds of antennas (Parabolic,
Vivaldi and Horn) were used to obtain the best performance of the PMMW
detector system. This performance was made in passive mode (see Section
4.5.1).

a) Using a Parabolic Horn Antenna

For initial experiments we used a parabolic horn antenna available in the
institute’s microwave laboratory. Several objects of different materials such as
plastic, ceramic, and aluminum were measured, as shown in Table 7.1. The

experimental setup is shown in Figure 4.1 of Chapter 4.
With this antenna very small voltage differences were obtained with respect to

the initial voltage (1.61 V). The maximum voltage difference obtained was

around 4 mV, produced by the ceramic plate. The voltage difference is not
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high enough for object detection. Therefore, it can be concluded that the use
of this antenna did not provide us very useful results. One of the reasons of
this could be that we did not know the specifications of the antenna such as
the bandwidth (as mentioned in Section 4.5), which could be lower or higher
than the system’s bandwidth (18-26 GHz).

Table 7.1. Obtained results from objects of different materials by using the parabolic horn
antenna. The best difference with respect to the initial voltage (1.61 V) was obtained with a

ceramic plate which produced a difference around 4 mV.

Object Output Voltage (V) | Difference (mV)
Aluminum plate 1.64 3
Plastic Plate 1.59 2
Ceramic plate 1.65 4

b) Using a Antipodal Vivaldi Antenna

The second antenna employed in the MWW detector system was the
antipodal Vivaldi antenna. In this case several objects of different materials
were also detected. The aluminum plate showed a voltage difference of
approximately 30 mV with the initial voltage (75 mV), while the cardboard
plate did not provide any change, as shown in Table 7.2. It is important to
note that the initial voltage is not the same as in the previous Section since
the antennas have different gains and the integration time is also different, as
discussed in Chapter 4. With these results a object detection can be done

with appreciable quality.
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Table 7.2. Measured results from objects of different materials by using the antipodal Vivaldi
antenna. The best difference with respect to the initial voltage (75 mV) was obtained with an

aluminum plate providing us a difference of around 29 mV.

Object Output Voltage (mV) | Difference (mV)
Aluminum Plate 56 29
Plastic Plate 76 1
Ceramic Plate 79 4
Cardboard Plate 75 0

c) Using a Rectangular Horn Antenna

The third antenna used in the system was a rectangular horn antenna. Here
we detected once again several objects of different materials. As we can see
in Table 7.3, the aluminum plate provided a difference of 45 mV with the initial
voltage (85 mV), while the cardboard plate did not show again any change. In
this case, the voltage differences produced by the object radiations were
higher than the other two antennas, allowing detect in a better way the object
radiation. It can be concluded that with this last antenna we found the best
performance of our system, so the final design of the MWW imaging system

is based on this antenna.

Table 7.3. Obtained results of different materials by using the rectangular horn antenna. The
best voltage difference with respect to the initial voltage (85 mV) was obtained with an
aluminum plate providing a difference of approximately 45 mV. This performance provided us

the maximum detection of the object radiation.

Object Output Voltage (mV) | Difference (mV)
Aluminum Plate 130 45
Plastic Plate 83 2
Ceramic Plate 70 11
Cardboard Plate 81 0
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In the three antenna cases, changes in the output voltage values can be
observed by varying the viewing angle of the object and its focal length.
These changes in the output voltages are because of the inherent noise of
the system. The main problems causing this inherent noise were leakage
through the edges of all metal boxes and electromagnetic mismatched signals
looping back the coaxial cables, as illustrated in Figure 7.1. The first problem
was treated by tightening with precision each connector through a specialized
torque spanner. By using this tool instead of hand tightening the cables most

of these mismatched signals can be eliminated.

Antenna \ t

Input

Integrator

|

Output

Figure 7.1. lllustration of the inherent noise problem caused by leakage (red arrows) and

electromagnetic interference (blue arrows).

Then, to address the problem of electromagnetic radiation, the radiated power

from each component of the system was measured with the power meter
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(HP437B), as shown in Figure 7.2 and found that this noise is mainly due to

the LO, which radiates its ac output signal to the whole system.

Antenna _ LNA — Mixer\ \ + LO
My ~ R

Input -
/| N
Power Sensor “ o Detector
s
J Integrator
Power Meter J,
Qutput

Figure 7.2. Measurement of the radiated power of each component to address the problem of
electromagnetic radiation. It was found that the LO is the principal producer of the inherent

noise of the system.

To solve the LO radiation problem we used a 320-3-C-RAM-AR/HP
millimeter-wave absorber (see Appendix A), from Cuming Microwave
Corporation to isolate the LO and all the components inside the metal box
(see Figure 7.3) This absorber has a thickness of 0.375 in, performance of -
20 dB at the frequency of 10 GHz and up. To verify if the system had become
isolated from the LO radiation, several measurements were performed after
and before isolating the system components. These measurements consisted
of measuring the radiation produced by the aluminum plate at different
angles, both the left and right taking the center as 0°, as displayed in Figure
7.4. The results are shown in Table 7.4. As we can see in Figure 7.5, the

changes in the output voltage of the MMW imaging system with its
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components covered with the absorber were almost null with respect to the
angle, which showed that the LO was the primarily responsible of the inherent

noise from the system, significantly reducing the problem of reflection caused
by the angle.

Figure 7.3. Photograph of the system covered by absorber material.

Metal Plate

Antenna

] Electronics

40°

0° .
ﬁé—»—‘ Multimeter

N

40°

Figure 7.4. Setup to verify if the system had become isolated from the LO radiation.
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Table 7.4. Measurements of the aluminum plate radiation at different viewing angles with the

LO and all the components isolated with a millimeter-wave absorber.

Angle (°) Without absorber (mV) | With absorber (mV)
0 77 80
10 65 82
20 86 82
30 88 81
40 78 82
-10 86 82
-20 91 81
-30 87 82
-40 80 82
100
90
80 -
3
§ 70 -
60
50 -
40 T T T T T
-60 -40 -20 o 20 40 60
Angle (°)

Figure 7.5. Graph of the obtained measurements to solve the LO radiation. Without absorber

in blue, and with absorber in red.

7.2 System results in active approach

As mentioned in Section 4.5.2, we also performed tests with the MMW
Imaging system in active mode, that is, we used a millimeter-wave source
(HP8350B) to irradiate the object under observation. This source produces
much higher powers than those thermically emitted by the objects, which

means we can get greater contrast between the object and its surroundings.
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The diagram of the system in active mode is shown in Figure 7.6. We used
the Vivaldi antenna as the transmitting antenna of the millimeter-wave source.
To reduce side lobes radiation from the transmit antenna it was covered with

aluminum foil.

Absorber

Object Lens

Antenna

[>— Electronics

\ Multimeter

Vivaldi
antenna

Millimeter-wave
Source

Figure 7.6. Diagram of the MMW imaging system in active mode.

First, several objects such as aluminum, ceramic, and plastic plate were
measured in the same way as in passive mode. The data obtained is
displayed in Table 7.5. These values were obtained by varying the source
power from -2 to 18 dBm with increments of 0.5 dBm. The initial voltage of the
system was of 72 mV approximately, and as we can note, the biggest change
was again produced by the metal plate, while the lowest was produced by the
plastic plate, as occurred in passive mode. Here we obtained a greater
change in the output voltage compared to the passive mode since, as
mentioned above, the source produces a greater contrast between the object
and the area scene. As can be noted in Table 7.5, the minimum power source
that provided us a huge voltage difference between the different objects was

of 13.5 dBm, where the metal, ceramic and plastic plate produced a voltage
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difference of 278, 85 and 51 mV, respectively. These findings allow the

detection of the material which the object is made of with a very high

percentage of veracity. Thus, it can be concluded that the active approach of

the MMW imaging system is the best performance for object material

detection.

Table 7.5. Object radiation detection in active mode.

Source Power | Aluminum Plate | Ceramic Plate | Plastic Plate
(dBm) (mV) (mV) (mV)
-2.0 -46 -71 -73
-1.5 -44 -70 -73
-1.0 -40 -70 -73
-0.5 -36 -69 -72
0.0 -33 -69 -72
0.5 -29 -67 -71
1.0 -25 -66 -71
1.5 -19 -65 -70
2.0 -13 -63 -70
25 -5 -62 -70
3.0 2 -61 -69
3.5 7 -58 -69
4.0 14 -57 -68
4.5 23 -56 -66
5.0 31 -55 -66
55 39 -53 -63
6.0 48 -51 -63
6.5 56 -50 -62
7.0 63 -47 -61
7.5 71 -45 -55
8.0 79 -43 -54
8.5 86 -41 -51
9.0 95 -37 -51
9.5 106 -33 -50
10.0 118 -27 -48
10.5 127 -25 -45
11.0 139 -20 -45
11.5 152 -18 -38
12.0 165 -15 -28
12.5 176 -9 -26
13.0 195 -3 -24
13.5 206 13 -21
14.0 222 17 -17
14.5 239 20 -14
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15.0 257 26 3

15.5 272 31 13
16.0 286 39 17
16.5 302 44 22
17.0 313 54 26
17.5 323 65 35
18.0 329 73 43

Then, the voltage/power relation of the MMW imaging system was obtained
by using the power meter (HP437B). The setup used for this test is shown in
Figure 7.7. The millimeter-wave generator was used to radiate the MMW
imaging system in direct form. The transmitting antenna was placed 1 m away
from the receiver antenna, and the source power was varied in a range of -2
to 23 dBm with steps of 0.5 dBm. The data obtained is shown in Table 7.6. As
we can observe in Figure 7.8, the output voltage of the system increases as
the source power is also increased until it reaches a maximum value where
its behavior is almost constant. This behavior is expected due to the
nonlinearity of the LNA, that is, as the power of the input signal is increased, it
generates greater harmonics hence reducing the power of the signal of
interest. If the power keeps on increasing the amplifier reaches it saturation
stage [7.1]. For our setup, the amplifier has a quasi linear behaviour up to

about 14dBm of the source power.

Vivaldi )
Antenna Antenna LNA Mixer LO
—el] [ )
—
1 m. distance
Millimeter-wave Power Meter
Generator

Figure 7.7. Schematic for measuring the voltage/power relation of the MMW imaging system.

Table 7.6. Voltage/power relation of the MMW imaging system.
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Source Power

Output Voltage

Source

Output

(dBm) (mV) Power (dBm) | Voltage (mV)
-2.0 58 11.0 390
-1.5 66 11.5 402
-1.0 75 12.0 412
-0.5 83 12.5 422
0.0 92 13.0 430
0.5 102 135 436
1.0 112 14.0 442
15 122 14.5 447
2.0 133 15.0 450
2.5 145 15.5 454
3.0 157 16.0 455
3.5 173 16.5 455
4.0 188 17.0 455
4.5 202 17.5 455
5.0 220 18.0 456
55 236 18.5 456
6.0 254 19.0 456
6.5 270 19.5 456
7.0 287 20.0 457
7.5 301 20.5 457
8.0 315 21.0 457
8.5 328 21.5 458
9.0 341 22.0 458
9.5 354 22.5 458
10.0 366 23.0 458
10.5 379

500 -

450 -

< 400 -
£ 350 -
% 300
S 250 -
; 200 |
g 150 |
0 |

50 0.0 50 150 200 250
Source Power (dBm)

Figure 7.8. Voltage/power relation of the MMW imaging system.
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Finally, a third test was performed for measuring the power at each stage of

the system (antenna, antenna-LNA, antenna-LNA-Mixer-LO) by using the

power meter. The power of the millimeter-wave source was varied in a range

of -2 to 11.5 dBm with increments of 0.5 dBm. The schematic setups of every

stage are shown in Figure 7.9. The data obtained is shown in Table 7.7. As

we can observe in Figure 7.10a, as the source power is increased, the power

measured by the system increases, presenting a linear behavior, but the

readings taken after the LNA (settings antenna-LNA, and antenna-LNA-Mixer-

LO) presented the nonlinear behavior discussed in the preceding paragraph
(Figures 7.10b and 7.10c).

Table 7.7. Measurements of the power behavior at every stage of the MMW imaging system.

Source Power | Configuration (a) | Configuration (b) | Configuration (c)

(dBm) (dBm) (dBm) (dBm)
-2.0 -49.61 2.94 -4.74
-1.5 -49.30 2.97 -4.42
-1.0 -48.80 3.31 -4.27
-0.5 -48.69 3.40 -4.11
0.0 -48.10 3.74 -3.95
0.5 -47.71 3.96 -3.64
1.0 -47.23 4.11 -3.48
15 -46.63 4.47 -3.2
2.0 -46.32 4.82 -2.91
25 -45.64 5.10 -2.64
3.0 -45.31 5.37 -2.21
35 -44.76 5.62 -2.1
4.0 -44.33 5.87 -1.87
4.5 -43.82 6.03 -1.69
5.0 -43.31 6.19 -1.47
5.5 -42.92 6.42 -1.37
6.0 -42.25 6.47 -1.21
6.5 -41.79 6.72 -0.98
7.0 -41.31 6.82 -0.87
7.5 -41.02 6.95 -0.79
8.0 -40.43 7.03 -0.74
8.5 -39.95 7.17 -0.62
9.0 -39.52 7.23 -0.55
9.5 -38.92 7.26 -0.49
10.0 -38.37 7.33 -0.41
10.5 -38.14 7.36 -0.39
11.0 -37.63 7.39 -0.34
11.5 -37.42 7.42 -0.31
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Vivaldi

Antenna Antenna
Power Meter
1 m. distance

Millimeter-wave

Generator )
Vivaldi
Antenna Antenna LNA
— [
|
—

Power Meter

1 m. distance

Millimeter-wave

Generator (b)
Vivaldi .
Antenna Antenna LNA Mixer LO
—ag [
—

1 m. distance

Millimeter-wave Power Meter

Generator (©

Figure 7.9. Settings for measuring the power behavior at the different stages of the MMW
imaging system. (a) Antenna setting, (b) antenna-LNA setting, and (c¢) antenna-LNA-mixer

setting.
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Source Power (dBm)

(a)

8.00 -
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5.00 -
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Measured Power (dBm)

1.00

-4.0 -2.0 0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

Source Power (dBm)

(b)

0 -
-0.5 1
-1
-1.5
-2 4
-2.5
-3
-3.5

s

5
r T >

Measured Power (dBm)

-4.0 -2.0 0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

Source Power (dBm)

(c)

Figure 7.10. Power behavior at the different stages of the MMW imaging system. (a) Antenna

setting, (b) antenna-LNA setting, and (c) antenna-LNA-mixer setting.
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Conclusions and Future work

8.1 Conclusions

MMW imaging is a method of forming images through the detection of
millimeter-wave radiation from a scene. This power is a combination of what
the scene object is directly emitting and what it is reflecting from its
environment. As we have seen in Section 3.2.2, there are two different
approaches which can be distinguished for the development of MMW imaging
systems: Active and Passive imaging. Active millimeter-wave imaging uses a
source to illuminate the scene where the object is placed, and as explained in
Section 3.2.2.2, this source produces much higher power than those
thermically emitted from objects within the scene, producing higher contrast.
Passive means that the spectral distribution of natural radiation which is
emitted or reflected from a body at room temperatures is properly captured
and displayed (radiometry). In this thesis work a millimeter-wave detector
system in active mode has been implemented. Different materials such as

plastic, ceramic, cardboard and aluminum have been successfully detected.

To obtain the image reconstruction of the scanned object with the MMW
imaging system a nipkow disc has been implemented in a collaborative effort
with Dr. Soto and Andrés Mendoza. The demonstration of the nipkow disc

principle is made in the optical region as preliminary step for the
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implementation of the nipkow disc at millimeter-wave frequencies, as

discussed in Chapter 6.

The images obtained using the nipkow disc at optical frequencies have been
successfully reconstructed. Thus, the nipkow disc is a viable solution for the
MMW imaging system. Moreover the nipkow disc also presents many
advantages such as low cost, simple implementation and fast sampling in

comparison with other image reconstruction methods, as shown in Chapter 6.

As explained in Chapter 5, the SIW technology has been developed as a
solution for the two fundamental problems that the classical waveguide
technology presents at millimeter-wave frequencies, namely, radiation loss
due to discontinuity, difficult modal transition to planar circuits and high
manufacturing costs. The SIW concept consists on synthesizing non-planar
structures on a dielectric substrate in planar form. The advantage of the SIW
technology is that these planar circuits could easily be integrated with MMICs.
Moreover SIW has the advantages of cost reduction and miniaturization of the
system. The design of the SIW exponential flare horn antenna allows a very
compact design of a completely integrated planar platform with very broad
bandwidth. The final simulated design of the SIW exponential flare horn
antenna obtained a BW (below -10 dB) of 22GHz (18-40 GHz), wider than
any other reported SIW antenna. The arc lens placed in the substrate

improves the directivity of the SIW antenna as shown in Chapter 5.

As a final word, we can say that the exploitation of the millimeter wave regime
is the natural next step in expanding our ability to see more of the world
through artificial means. The MMW imaging system ideas proposed in this
thesis work offer portable, light and inexpensive solutions for modern remote

sensing systems.
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8.2 Future Work

As future work the nipkow disc at millimeter-wave frequencies with the hole
dimensions obtained in Section 6.3 will be implemented on a metal disc for
millimeter wave testing. Other aspect to be contemplated is the total isolation
of the system with absorber material to reduce RF interference. Also, the SIW
antenna should be implemented and tested, and a final MMW imaging Front
End system should be realized on a single substrate to have a fully integrated
circuit.

Finally, the usage of higher frequencies could enhance the pixel resolution for

short distance applications.
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A.1 Millimeter-wave absorber AN-79

EMERSON
& CUMING

ICROWAVE PRODUCTS

RoHS
Complian

ECCOSORB® AN

Flexible Foam Sheet Broadband Microwave Absorbers

Material Characteristics

Lightweight, flexible,
polyurathane foam absorber
Carban loaded, lamingted palyurethane sheets
Frequency range from 600 MHz -40 GHz

Designed to reflect less than -20 4B of nermal incident
energy above specified freguencies and relative to &
mietal plate

Does not suppert fungal growth per MIL-STD-810E

Can be readily cut on & band sew, with scissors, die, or
& sharp knife

broadband, apen-cell,

Appllcatluns

ECCOSORE® AN = commanly used for the lining of
srall test chambers to reduce reflections

ECCOSORE®™ AM has been used in reducing crosstalk
between adjacent antennes, shrouding entennas to
improve the antenna patterns and  undesired
backlobes, as well as selective shadowing of parts of a
target for RCS messurements

Shadowing of posts and supports in  enechoic
chambers, and a5 absorbing blankets for testing radar
systerns without harm to personnel

For isolation of compenents or antennas by means of
insertion loss, it can be used without 8 metal backing

Environmental Properties

Availability

Standard sheets are 24" x 24" (61 ¢ x 61 cm)
Thickness depends upon the lowest desired freguency
of operation required

ECCOSORE®™ AN is aveilable in other sizes and
customer specified configuretions, incorparating miter
cuts or attachment to matal parts

Can be manufactured, on special order, on a mandrel,
to take a contoured shape.

Instructions for Use

To aobtain low reflectivity, the absorbers must be
mounted on & matal surface. If & metal surface is not
available, ECCOSORE® AN can be supplied metal
badkead with aluminum fail (ML)

Leyering of multiple pieces or slicing off part of the
thickness will degrade the oversll pefomance
Reflectivity performance also degrades for aff-normel
bistatic incidence and st different rates for different
polarizations

EBCCOSORE® AN can be securely bondad to itsell or to
other materials such as metal, wood, and common
plestic composites.  The recommended adhesive s
ECCOSTOCK® 13-111-NF.

Typical Properties

+  ECCOSORB™ AM is net waterproel and will not operate Front Surface Color (facing cnooming EMI) White
correctly when web. Since there i no weshout : - .
ECCOSORB® AN will function as expected after being  ''2% Service Temperature, °F (*Ch 248 (120)
B il to dry Pawer Handing, Wicm® 0.15

+ A special CERSEAL coating to prevent moisture uptake :
in Righ humidity to moderately wet environments i Tharmal Conductivlty, cal-amy/ssc- om'-#C 6.8 % 107
gvailable on special request

+  For waterprool applications, see ECOOSORE® ANW or | 1ire Retardancy L SHer
ECCOSORB® AN can be coated with CERSEAL

Reflectivity range Thickness Weight Density
(=20 dB) Inch {cm) b/ piece [It.gfpluoe:l oz/in® (gfcm)
AN-T2 =20 GMz 0.24 [OE) 0.6 (0.25) 006 (0.11)
AN-73 =7.5 GHz 0.3% (1.0} 1.1 {0.50) 0,08 (0.13)
AN-T4 3.5 GHz 0.75 (1.9) LS (0.70) 0006 (0,100
AN-75 =24 GHz 1.14 (.5} L& (0.50) D04 (0.07)
AN-77 »1.2 GHz 224 (5.7) 2.3 (1.50) 0004 (0.07)
AN-79 00 MHz 4,49 [11.4) 6.5 (2.95) 004 (0.07)

FURRECH & LM MTRCRRAYE AR

b ' i o o W el
ol

.
T fei 5 e Wl P 4 8 ey o i, T i T i AT O ST B0 B G M i GRS,

Raviaizn: G107

i SRSl DO

98



A.2 Millimeter-wave absorber 320-3-C-RAM-AR/HP

2 CUMING MICROWAVE

RoHS

C-RAM AR
Complert

TECHNICAL BULLETIN 320-3

RETCULATED FOAM BROADBAND RADAR ABSOREBER

C-RAM AR is a line of reticulated foam Radar
Absorbing sheet materials, comprised of

TYPICAL PROPERTIES

urethane foam and a gradient lossy coating C- Porosity, pores per inch: 4-20
FAM AR absorbs microwave energy across a Tensile strength, psi: 512
wide range of frequencies. Typically the thicker Tear strength, Ihfinch width: 29
the material the lower in frequency C-RAM AR Density, b/t 3.0
will attenuate. C-RAM AR has proven to be ideal Ultimate elongation (%) max: 275
for lining shrouds of communications antennas

for the suppression of sidelobes. It can also be Environmental Properties

used to cover fences to separate adjacent Operating temp.. max: 250°F

antennas, and shield or isolate equipmeant. The
open-cell structure permits airflow freely through
the absorber, also when used outdoors rain will
fraely drain from the product. Cuming Microwawve
Corporation offers two types of C-RAM AR, our
standard performance AR and high performances

Ozone adverse affects: Mo
Fungus Resistance,
Evidence of fungus growth: Mo

TYPICAL REFLECTIVITY

(dB dowm from reference)

AR.

Standard Performance (SF) Grade:
C-RAM AR SELECTION Thk. Perormance Freg. Rangs
Typically the standard performance AR is 0.375in. -12 dB 10 GHz & up
suitabla for most antenna shroud applications, 0.50in -12 dB & GHz & Up
high performance AR is suited for applications 0.75in. -12 dB & GHz & Up
where maximum attenwation is desired, such as 1.0in. 12 dB & GHz & Up
RCS reduction, chamber fences, Radomes, 1250, -124d2 5 GHz & Up
glectronic enclosures and foam through
apphcations. If standard performance AR is a -
suitable it will cost less than high perfformance Thk. Performance Freq. Rangs
AR. Reticulated foam absorbers in general ars
the lowest cost absorbers, including high 0.3FFin. -20 dB 10 GHz & Up
performance AR. AR can also be supplied as an 0.50in. 20 dB & GHz & Up
nsertion loss material. On specialty applications 0.75in. -20 dB B 3Hz & Uo
AR has been purchased up to 3.0" thick. Consult 1.00in. 90 dB & GHz & Up
the factory if a reguired thickness is not listed. 1.25in. -20 dB 5 GHz & Up

Document Control Mo, M-07-000-5011588-C

081307

Page 1 of 2

225 Bodwell Street, Avon, MA 02322 USA e Tel 505.580.2880 » 300.432.6484 » Fax 508.584.2300

mwsales@oumingoorD. COm ® WaW. CUMIngrme.com
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A.3 Low Noise Amplifier QWL-15262855-JO

QuinStar Tecnology, Inc.

Frequency Noise Gain Gain Current
Model Number Range Figure (dB) Flatness (mA) Outline
(GHz) (dB Max) (xdB) max., at 12V
QLW'1)E(’)2(62855' 15-26 2.8 55 3.25 300 J
Outline Drawings
AX 0 ER THRU ~
o 1 5 i
L4
INE ' ' 2 o QUTLINE | C D
' | J 1.50 1,35
E 7 — o T < A 250 1.75
A3 DED e : B 2.50 3.00

- c -

Outline A, B, J

Model Number: QLW - ABCD EF GH - IJ

ABCD = Frequency Range, minimum-maximum frequencies in GHz

EF = Noise figure in tenths of dB
(Example: EF = 45 for Noise Figure = 4.5 dB)

GH = Gain, in dB
IJ = Outline designation (E, G, I, J, P1, P2)
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A.4 Triple Balanced Mixer MY52

MACM

MY52/MY52C

TRIPLE-BALANCED MIXER

-LO2TO 24 GHz

RF2TO 24 GHz

-IF 0.1 TO 5 GHz

-LO DRIVE: +10 dBm (NOMINAL)
- HIGH COMPRESSION POINT

- VERY WIDE BANDWIDTH

Specifications (Rev. Date: 7/02)*

Characteris

SSB Conversion Loss & S5B Noise Figure (max )

Guaranteed
+25°C -54° to +85°C

fL = 24 GHz (@ 10 dBm

fr=8to 18 GHz. fi= 8to 18 GHz, fi= 01104 GHz 7.5dB 9.5dB 10.0dB
f=2to 8 GHz. fi= 2to 8 GHz, f= 1t04 GHz 8.0dB 10.0 dB 10.5dB
fr=2to 18 GHz fi= 2to 18 GHz, fi=0.1t05GHz 85dB 10.3 dB 11.0dB
= 18t024 GHz. fi=13t024GHz. fi=01to5GHz 95dB 12.5dB 13.0dB
Isolation (min.)
LtoR
f=2to 24 GHz 18dB 15dB 13 dB
fi = 4to 19 GHz 15dB 20dB 12 dB
Ltol
fi= 2t 20GHz 30dB 22dB 20dB
fi = 20+to0 24 GHz 20dB 15dB 13 dB
1 dB Conversion Compression
f @ +10 dBm +5 dBm
Input [P3
fu=375GHz @ -6dBm  fw= 3.76 GHz @ -6 dBm +16 dBm
fi= 4 GHz (@ 10 dBm
fp: = 13 GHz (@ -6 dBm. fon = 13.01 GHz @ -6 dBm +16 dBm
fL=11 GHz @ 10 dBm
fr: = 20 GHz @ -6 dBm fra= 20.01 GHz @ -6 dBm +13 dBm

Typical values are measured at 25°C and are not guaranteed. Measured in a 30-chm system with nominal LO drive and downconverter application oaly. unles:

otherwize specified. Subject to change without notice.

Absolute Maximum Ratings

Outline Drawing(s)

Operating Temperature -34°C to 100°C
Storage Temperature -63°C to 100°C
Peak Input Power 26 dBm max. (@ +25°, 22 dBm max. @ +100°C
Peak Input Current mA DC

Package Figure Model
VPAC B MY352
SMA JA MY52C

Specifications subject to change without notice. » Worth America: 1-800-368-2266

Wizit wwnw macom com for complete contact and product mformation

tl.fm:.-"ﬁm..h-.;o Ww
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A.5 Local Oscillator LO-211-FC
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A.6 Square Law Detector 75VA50

MICROWAVE DETECTORS ~
70,75 Series 100 kHz to 50 GHz n rl Su

Specifications
Conneetors Low lesve] Fiigh Jesve] luput Owrlput
Mudal an':':;;w Hﬂ'ﬁ“ Imutag?nﬂn SWR [Maxi mum}) a?ggrd'ﬁrn m::ét%?nst mazimum apacilace
In | Out imiluW) | (Vals, Min.) imW} rF)
A el A un | sn 5 133 15 1 ] =
e TR 133 I 20 EHz
T i ik 5 Bl un | sn 5 150 265 BE 14 1 ] =
KT 190 10 40 GHz
TI5 A% GHz
e RETTEI- \
TREE el et iy | BHEIR 5 i3tk w5 1 ] =
T LS ECEED
L i A 55 Bl un | ewon 5 150 265 BE 14 1 ] =
KT 190 10 40 GHz
PR EECEEH
TEWED Eld LIMESTR | | e 5 it 14 1 n =
< EDEH: LTS
Dimensions Ordering information
Modal Dimessians Lism) ¥ diafem) Please specify modeliorder number, name, and quantity when ordering.
— P ModelOrder Ho. . Hame
Microwave Detecior
— — FHAED 100 Wz 1 20 B+, KIm] gt BAICT) o, 50 1
e a8 HRLED 10 ke ta 40 BHe, K] ingat, BNGT) b, 61 o
e s TERIED 10 ke ta 40 BHe, K] ingat, BACT) auat, 1 o
TR 4501d TREIE 100 W 13 1% BHe, M) inpert, BRCCT) amiput, S0
TIRED 10 WKz ta 5 BHe, V] inpat, BCT) b, 1 o
Oplions
Optn 2 (SRCSH| | MAIKhing IS<psncy mponss of twy desciors
Option 3 (TSHCSH] | NMGIKHING ISQuency TRSpOTER of e detmotors
* Upprar Fraquancy limie (GHr 53, S124,5 1,526 5, 540
 Fraquancy repenas racking (4B 203,203 206,208, 2.3
Features
* Broadband coverage, 10 MHz to 50 GHz with a Single Detector /
* K Connector® compatible with SMA and 3.5 mm S

« V Connector® compatible with 2.4 mm

o Lowest SWR: 1.33 10 20 GHz, 1.5 to 40 GHz

* Flat Response: .5 dBto 20 GHz +1.5 dB to 40 GHz

+ Best Value for Instrumentation, system, and OEM applications
« Low price and availability from stock

« Standard output polarity is negative

« Positive polarity is available as a special

§ EAnrtsu All trad rks are registerad frad ks of Precision RF & Microwave Components Catalog No. 11410-00235, Rev, F
their respective companies. Data subject to change Frinted in United States 2006-11
without nolice, For the maost recent specifications visit:

WWW.US.anmitsu.com
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A.7 RT/duriod 6010LM

ROGERS

CORPORATICON

Advanced Circuit Materials

Advanced Cicuit Materials Division
10D 3. Roosevelt Avenus

Chandler, AT B5Z26

Tel 450-941-1382, Foux- 4B0-961-4531
W rogersconporation.com

Data Sheet

16000

RT/duroid® 6004/4010LM High Frequency Laminates

Features:

High diielectric constant for circuit size
reduction.

Low loss. loleal for operating of X-boand or
below.

Lo I-omis expansion for BT durcid S0100LM.
Provides reliokle plofed through holes in
multiayer oooros.

Lo micisture aoscrption for RT/durcid
A010LM. Reduces effects of moisture on
electrical loss.

Tight 5 ond thickness control fior repeatable
cincuit performance.

Some Typical Applications:
Space Saving Circuifry

Patch Anfennos

Satelite Communications Systems
Power Ampifiers

Aircroft Colision Avocidance Systems
Ground Rodor Worning Systems

RT/durcio® s004/4010LM microwave laminates
are ceramic-PTFE composite designed for
electronic and microwave circuit applications
requiring a high dielectric constant. ET/durcid
&004 laminate is availakble with a dislectric
constant value of 4.15 and RT/durcid &010LM
laminate has a dielectric constant of 10.2.

RT/curcid &006/5010LM microwave laminates
feoture ease of fabricafion and stakility in uze.
They have fight digleciric constant and thickness
contral, nearly sotropic electrical properfies,

ow maoisfure absorption, and good themal
mechanical stakility.

Laminates aore suppbed clod both sides with 4

to 2 oz fft? | 8 to 7O um) electrodeposited [ED)
copper foil. Cladding with rolled copper fol is also
avoiakble. Thick aluminum, loross, or copper plate
on one side may be specifled.

itondard tolerance dielectric thicknesses of
0.0107, Du025", 0.0507, 0075, and 0.1007 [0.254,
0,635, 1.270, 1705, 2.54 mm) are ovailakole. When
orderng RTfduroid 4004 and RT/ocurcid 4010LM
arninates, it is important fo specify dieleciric
thickness, electrodeposited or rolled, and weight of
copper foil requirsa.

The informafion in this dafa sheet is intended to assist you in designing with Rogers’ circuilt motedal laminates. It is net infended fo and
does not creale any wananties express or impled, including any warranfy of merchaniabiify or Mness for a parlicular purpoze or that
the results shown on fis daota sheet will be achieved by a vser for a parlicular purpose. The user should defermine the suitabilly of

Roger’ circwil matesial laminafes for each applicafion.

The world nens better with Regers.®
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Typical Values

RT/durcid® 5004, RT/duroid 4010LM Laminates

PROPERTY TYFICAL VALUE [ DIRECTIGHN UNITS[T) COHDITION TEST METHOD:
&00& SOT0LM [3]
Dol fric Conghand, 2 &1520.15 10.2 2 025 I 10 GHef A IPC-TM-£50 2555
10.5 20035
10.8 20,25
Disipoion Facthos, tan & L7 QL0023 I 10 SHefA IFC-TM=£50 25.5.5
Thamnal Coefficlians of e 410 4325 I 504z 170°C IFC-TM=£50 25.5.5
Surfaca Rossiviby TE S0 Maohmi A IPC 25171
o Rash Sty ZNoF Lol Mohim omi L) IFC 25171
Toung's Moduius &27 (71} F31 (135 ¥ MFa [kpad) »
urichor fenskon EIT (75 EER 3] )
uifimate stress 20 (28 17 (2.4 £ MFa flpal) A
17 (25 13 (1.5} ) MASTM D238
LT fire sfrain nahe)
uitimahe strain 121213 Ftals X ] L]
4ta & Ttald )
Toung's Moduius 103 155 Z1441311] I MFa [kpl L]
undar compeassion
uiimabs stres 4 (TF 47 (A5 i MFa [kpad) L] MASTM DFE
IO.0ES v steain ratel
uifimate strain a3 25 i "
Fleaural Mo-cuiug 234 283 4344 423 ¥ WP fkpall A
151 (283 STE1 [ S44] T MASTM DTFD
uifimabs stes 38 (5.5 3& (5.3 3 MFa [kpad)
27 (a4 T
Daformolion falkc) 025 i " 24 nrfE0CTMIFO MASTM D821
wundar load 210 1.3r i " 4 nrf 1507 TMPa
Mtsture Absoiption fallni) fallni) " I4 /2370 00E0T IFC-TM- £50 24.2.1
(1.2 mimny thick
Dharatty ar N MASTM DTFZ
Thamnal Conduciesy [ ara WilmJE 23 o 100°C ASTM D2214, Modfiad
.3 BT g =)
Thirmnal Expansicn &7 24 ] [=T= 0o 100°C ASTM 3385
34 107 24 24 h [5E. /iy
Id S0 S0 AIGA ASTH DEEED |
Spacific Heos QFF 0LZ31] 1,00 0239 A [ETUALF Cahculated
Coppe Foel 14.3 (25 123 (21) pil [Hymim) atior scidor oot [P =450 2.4.8
Flammability Rating 7440 3440 uL
Toad-Froe Frocess Tos Tos
Compaticle

Iﬂ Slank glear Sl wiS oftes

Edr?lldltll.l'!

Rabmwrasr SFRALE 0 DU 4000 0010 IveTa

|r:i'| Cisdmoric covuart L asaed on D25 deecre dica e ore cavie
Wi of W SR AL

pAa B 37 § R

i

L

211 Teun w0 310 urben oferaiis rose Thoscd sulast 094 ron e uied for e ioaticn inin
Sapoulled Loper oF. has LERL
B8 papliion of e pray For Eecficucn askes waac Aogan Do i,

STANDARD THICKN

E35:

00107 [D254mm)

STANDARD PAMEL SIZE:
107 X 10" {254 X 254mm)
107 X 20" (254 X 508mm)
20" X 20" 508 X 508mm)

| STAMDARD COPPER CLADDING:
% oz [ pm) slectrodeposited copper fail.
¥eoz [17uml]. | oz [35um). 2 oz [70um] electrodepos-
fed ond rolled copper foil.
Heavy metal cloddings are available. Contoct Rogers
Cusfomer Zervice.

CONTACT INFORMATION:
TOEA:

Reogers Adwanced Cirout Mafenals el JE0-FET-TIE Faue: 50-F8T-4532
Badgium: Rogers HY - Gent Tel: 32-F-2253611 Fiane: 22-9-2253458
Japan: Reogers Japan Inc. Tel: 81-2-3200-2700  Fooc B1-3-5200-D571
Taraan: Rogers Taman Inc. Tel: 864-2-86809054  Foo: B86-2-B460R0ST
Korea: Rogers Korea Inc. Tel: 82-21-715-4112  Fooc B2-31-716-6208
Zngopore: Rogers Technologes Jingopore Inc. Tel: §5-747-2521 Fiam: 65-747-7425
China: Reogers [(Ehanghai] Infemational Treding Co., Lid Tel: 86-21-42914068  Fooo B3-21-43915040

The infermalicn in this dafa sheet is intended to azsist you in designing with Rogers’ cirowit matedal laminaltes. It is net infended fo and
deoes not creale any wamanhies express or impled, including any warranfy of merchantabilify or Mness for a particular purpoze or that
the results shown on fiz dota sheet will be achieved by a wser for a parlicular purpose. The user should defermine the suitobilly of

Rogers’ circwil matedial laminates for each applicafion.

These commadiies, fechnclogy ond software are exported from the Unfed Stafes in accordance with the Export Adminisiration regu-
Iations. Civersion contrary fo U low prohibited.

BT/ duroid, The world runs beter with Ro
EN9R1, 1992, 1994, 1995, 1998, 2002,

. and the Rogers’ logo are icensed frademarks for Rogers Comporaficn.
Roger Corparofion, Prirted in U_SA

rights ressrved.

Revised 0372005 0697-0205-1.500M PublicaSon: #92-108
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Conferences

B.1 International Conferences

This thesis work has participated as oral presentation in the IEEE
International Conference Andescon 2008. The reference and the submitted

paper are shown below:

Benjamin Lopez-Garcia, D.V.B. Murthy, Alonso Corona-Chavez, and Ignacio
E. Zaldivar-Huerta, “Passive Millimeter-Wave Imaging Using Substrate
Integrated Waveguide Technology,” IEEE International Conference Andescon
2008, October 15-17, 2008, Cuzco, Peru, pp. 100.01-100.04.
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Passive Millimeter-Wave Imaging Using
Substrate Integrated Waveguide Technology

Benjamin Lopez-Gareia stadent IEEE, DV B, Murthy, Alonso Corona-Chavez member IEEE, and
Ignacio E. Zaldivar-Huerta member [IEEE
Electromes Department of the Mational Instrtute of Astrophysies, Optics and Electronies, Tonanizintla,
Apdo. Postal 51 v 216, Puebla, CP.72000, Meéxico

Absracr—A  Passive Millimeter-Wave Imaging Syitem for
concealed object detection at the frequency of 24 CHz with total
power radiometer confizuration has been desigued and tested.
We added to the system a microwave lens to focus the target
nnder surveillance to the antenna. The novelty of this work is the
mcorperation of the Substrate Integrated Wavegnide (SIW)
Exponential Flare Horn Antenna.

Imdex  Terms—microwave lens, miphow disc, passive
millimeter-wave imagimgz, radiometer, substrate imtegrated
wavegnide antenna.

I. INTRODUCTION

HE NWEED for a concealed wespons snd explosive

detection has mcreased m recent years. The Millimeter-
Wave (WDVW) Imaging is 4 possible solntion o tus problem
since millimeter-waves can penetrate thin clothing layers. This
is a method of fomumng images throngh the detection of
millimeter-wave radianion from 2 sceme. This power is a
combination of whar the scene object is directly emiming and
what 1t iz reflecing fom its enwviromment, The MAW
radiation does not present 3 health hazard to people under
survetllance and this kind of systems has also the abiliny to see
mnder condiiiens of low wisibility (fog, clouds, smoke,
sapdstonms, etc.) thar would ordinanly blind wvisible or
infrared (IF) sensars [1], [101.

Millimeter-wave Imaging can be either actve or passive
[2]. In acmwve mode a source illumupates the scene, which
could be non-coberent or cobersnt, monochromsatic or
broadband. The source produces mmch higher power than
those emdmed from blackbodies within the scema (tvpically
tens of thousands of degress). Dme o the mwuch higher
effectve temperanre of the swroundmes, the millimetsr
waves generated by objects between the scene are of less
sigmificance producing more conmast in the mnaging results
e also mndesired speckle andior gline. In Passive Millimeter-
Wave (FRMIW) Imaging, the specmal dismibution of namoral
radiation which 13 emimed or reflected from a body at
enviromumental temperanoes 15 properly  caprured  and
displayed (radicanemy). Here we have less contrast thar in the
acmve mode but bemer image qualicy.

“arions active and paszive mode muillimerer-wave imaging
systems for targer identfication have been docwmented by

saveral authors [1]-[15]. However, there is no report of a
ERIAIW Imaging System using subsmwate integrated wave guide
technology in the receiver antenns.

The novelty of this work is the incorporation of the
Subsmate Integrated Wawveguide (SIW) Technology in the
receiver antenna of the FAMW Imaging Sysem The SIW
Technology s symthesized by placing two rows of metallic
via-holes in a substrate. The field dismbution in an STW is
sinular to that n & cooventionzl rectangular waveguide
Hence, it rakes the advanmages of low cost, lower losses than
coplanar and microstrip lines, and it is highly integrable with
microwave and millimetsr wave integrated cirouies [16]-[158].

I ToTAL POWER FADIOMETER

A radiometer is a sensifive receiver specially desizmed to
maasure the radizdon thar 2 body etther emits directly or
reflects from swrounding bodies [20], [21].

The aspect of radiometry that is of most interest to the
microwave engineer is the desizn of the radiometer itself. The
basic problam is to build a receiver thar cap distinguish
bemween the desired radiometmic noise and the mhberent noise
of the racarver, even though the radiometric powear is wsually
less than the receiver woise power. The total power
radiometer confizuration represents an pproach oo thus
problem.

The block disgram of a fypical total power radicmeter iz
show in Fig. 1 [22], [23]. The front end of the receiver is a
stapdard  superbeterodyne cirouwit consisting of am BF
amiplifier, a mdwerlocal escillator, snd 3 detector stage. This
detector is geperally a square-law dewice, so thar its ouspur
voltage is propordonal to the mput power. The miegrater is
eszentially 2 low-pass filter with a ouroff frequency of 1T,
and serves to smooth out short-term variastions in the noise
power [24].

If the anfenna is pointed at a backzround scene with a
brighmess temperanore Ty, the aopreons power will be
P,=ET,B; this is the desired signal The receiver conmibutes
noise which can be characterized as a power Fip=FkIE ar the
receiver wput, where TE 15 the overall noise tempersmure of
tha receiver. Thus the ontpur velmage of the radiometer 1=

Vo=G(T, +T, kB n
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Fig. 1. Total Powsr Radioonater block diagran:
whera G s the overall gamn constant of the radiometer.

OI PASSIVE MILLIMETER-WAVE IMACGING SYSTEM

The experimental arrangement consmacted for the passive
mullimeter wave imaging system is shown in Fig. 2. This
system works ar the frequency of 24 GHz. For the elecmonics
wa used the total power radiometer configuration described in
secton IT.

To detect the small radiation enured by the target we use a
LMA which has a bandwidth from 15 to 26 GHz, 2.5 dB NF
and 55 dB gain. To downcowvert the fequency we use a miple
balanced mixer with 9.5 dB NF. The local oscillator used
achieves gufput power from 13 to 16 dBm with phase noise of
~135 dBc/Hz, and approximately 1 GHz of nning range. The
detector used is 2 sguare law detector with bapdwidth from
DT o 40 GHz. As mentoped in section II an integrator with
an mtegration tme of 3 mulliseconds was implemented 1o
increase the sensitvity of the system.

We added to the system a microwave lens [25] to foons the
rarger under survetllance to the anrenna. The lens used has a
disameter of 24 cin and it 1= made of Teflon material

We desigped a 3TW hom antenns as proposed n reference
[26]. We modified the desizn of the antenna by mroducing
exponental flares to have a wide bandwidth as shown in Fig.
3. The dimensions of the microsmip line are 7, =3 Bmm, and

»=Imm The mansition (from microstoip to 5IW) dimensions
are Wy=532nun, and L.=10mm The STW dirpensions are Ay
=6.312mm, L, =3.4nmm, cylinder radins » =0_3mm, and
cylinder separation p =1 2mm The substrate thickness is k
=Imm and dielectric constant £ =10.2. The radms lens is
F=86mm The overall dimensions of the hom anterma are
41.775x 194 x 2 pum”.

IV. RESULTS

To demonstrate the sensitviny of our system, several tests
have been performed with concealed objects of different
matertals such as plastics, cersmics, cardboard and alumdmam.

[

Angarber
Metal Pigte Lens
Anienna
Slectronics
Computer
[ 1 Process

Fig. 1. Passive Mllimeter-wave Imaging Svetem block diagram.

Fig. 3. Geomsmy of the SIW snpozental flars bom antenmz. The dizensicns
of the micresmip line am B =3.8mm and &; =lmm Tie camsitiez
dimensicos ars L; =10men, and I, =532z The STW dinwmsions ars B,
=531 mm, £, =3 4mm, cylinder radies ¢ =0 5mm, and cylinder separagion p
=1 Z2zmn The subsizsie thickness i & =lmen a=d dislecmic constant of &
Tha overall di=qnsiozs of the hore z=tcona ame 41775 x 194 x 2

=102

]

Object Voltage (mV)
Initial Voltage g1
Al hletal
Plate 110
Plastic Plate 79
Plastc Mousepath 78
Plastc Bucker 77
Plastic Mohile 79
Ceramic Plate 70
Cardboard Plate g1

Tahla 1. Voltags of diffars=t satarials mdar survedle=ce

The obtamed results, measured ar room fRMIPEratUe, are
shown o Table 1. The mital ontpua: voltage at the detector of
our systam baving a microwave shsorbing background foam
lm from the apterna was 31 mV. Then different objects have
been sensed by placing them berwean the nucrowave foam
wall znd the receiver antenna The meml plae shows
the sreztest volmge change with 2 difference of approocimataly
30 mV, while the cardboard plare did not provide aoy change.
These findings are consistent with the theory, siwce the metal
plare has an enussivity near to zero [11] and the cardboard iz
invisible to the mmillnmetar waves [3].
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The STW apterms was simulated using a commercial finite
elament method packasge [26], and then fabricated. Its
bandwidth is from 18 o 240 GHz, having a good response of
the remm loss 53 (under -10 dB spproximarely, see Fig 4).
The arc lens placed in the substrate improves the direcoviny of
the SIW antenna. The radizdon pamern obtzined is illusmated
in Fig. 5.

V. CONCLUSIONS

A passive roillometer-wave imaging system using STW
rechnology has been shown, different materials such as
plastics, ceramics, cardboard and alominmm have besn
snocessfully  detected. The mcorporation of the STW
Technology in the radiomerer of the PAMW Imagmg System
allows cost reduction and hugh integrabiliny millimetsr wawve
integrated cinouaits.

ACKNOWLEDGMENT
The suthors thavk to the INADE and the Large Millimetar
Telescope (GTAI) to suppeor: this project. One of the suthors,
Benjamin Lopez-Garcia thanks to the Madomal Coumcil of
Science and Techwology (COMWACYT) for the scholarship no.
204317,

PEFEREMCES

[1] L. Yujm M. Shoucrd and P. Moffa, “Passive millmater wave imagng,”
JEEE Mierowave Magosine, vol. 4, pe. 3, pp. 38-50, Sep. 2003,

[2] I Dwilefise. A. Dellinger, apd & Sckeliskomm, “Appocaches fo
Milivater-Wave Imoging of Hummns" Foder Conforemce, SN,
EURAD, Firsr European, 2004, pp. 279-282.

[3] K. Mimmpe, H Macze, V. Wagztrome H Warashina, H. Sate, 5.
Mivapage, apd Y. Vame=aka, “New Applicacons of Millimetas-Was
Incokarsot Emagizg. ™ Microwase Spmporiean Dipesy, J0085 JEEE WTT-8
Intermgtiomal, 12-17 Juza 2003, pp. 620-632.

[4] L. L. Chee Y. Jiamyn, Z Xin, F. Yong, 2pd Z. B, Hozg. "Desizm of 2
PR Imaging systam,” Commeminetions, Clrowills and Serems, J007,
HOOCAS 2007, Mntermationat Cosgrense, 11-13 Faly 2007, pp. 1313
1316

[3] GIN. Sinchair, EN. Anderon, e=d B Applabry, “Cetdoor passnvs
millimotrs wave security soresming,” Security Techmolopy, 2000 [EEE
33th fetarnational Cormalore Conforerce, 16-19 Oce 2001, pp. 1T2-175.

[6] D.0. Eorzsev, L. Y. Bogdinov, and AV, Halivkin, “Passive Millivwisr
Ware [moging Svetem with White Nedse Dluns=aces for Concealad
Waapons Detection,” feffored and Millimerer Waves, 2004 omd [tk
Internationsl Conferance on Terahers Elrcrromics, 2004, Conferemoe
LHgest of the 2004 ot 2otk lmtermational Canfereece, 27 Sepe-1 Oct
2004, pp. T41-742,

[7] K. Wambs K. Shimtzu, M. Vezayzom, and K. Mizeze, “Millimatar-
Wave Active Imaging Usizg Neural Narworks for Signal Processing,”
Microwave Theory and Techniques, [EEE Tramsactions, vel. 51, za §,
B 1F12-1516, May 2003,

[8) L. Ockat, 5. Nawalzars, . Kosrsand I Stiens, “Fast Modalizng and
Orpizgzaticn of Acts Milli=setar Wave Imagizg Syetens.” Microwaws
Canferarce, 2NN, Sth Byropean, Sept. 2006, pp. 1738-1562.

[¥] T. Dachame, E. EKamods, T. Iwasmki, a=d T. Euki “Actwe MMW
Imzzmg Sysiemn usizg the Froqnency-Encoding Tack=iqna.” Mivrowaw
Confertres, JO0T. UMW 2007, Koregofapan, 15-16 Mov, 2007, pp
181-184.

[10] ML Skeecd, B. Davidkaiser, 5. Hanss, P Lea, M. Mumato, 5. Yeung,
and L. Yujiz, A Passivs Malleater Wave Cemara for Aircradt Landing

3

: 'J(\]'.-_r“

S, PN i
_ LN

_'__I-'-

At30 - _/'/|’ o

2

i

il o1 az T o

|'lF v TH]
Fig.4. Rtz Loss 5;; of the S1W axponemtial Sazw ko antee=a.

Fig. 5. Radixticn patter=s of the ST sxponential flass horn amsoma.

in Lew Vishilty Conditions,” derospace omd Eleorrowls Seatows
Muagazing, [FFE, vol. 10, no. 5, pp. 3742, May 1985,

[11] L ¥, “Passive Millimater Ware Imag=g ™ Misrowawe Swsporiun
Dripest, 2008, [EEE MTT-5 Snrermationad, pp. 58-101, June 2008,

[12] VE Lyubcheoke, “Milkmasar Wavs Imegmg Systams,” Mierowaver
Rodor owd Wirelers Commurications, JO00 MITON-JOO0Q. 150k
Imtarrational Corference, 2224 May 2000, vol 3, pp. £3-68.

[13] DL McMeakin, DM Shesn, 2nd T.E. Hall, “Teses-Dimeesionsd
Milkmatar-azvs  [zoging  for  Concsaled Wazpoz  Dletecticn,”
Microware Thoory and Teolsigues, [EEE Tronsgotions, vol 49, oo, 9,
pp. 1381-1352, Sep. 2001

[14] DL McMakin, DM, Shesm, 228 HD. Collins, “Femote Cencsaled
Wezpcns and Explosive Detecton on Pecpls Using Millimetes-wara
Helography,”  Secawiny Techmsdogy.  JOUA 300k  dewsual  [00S
Imtermational Cormaliom Conferemee, 1-4 Oct. 19986, pp. 19-15.

[1¥] Z Luo, I. 3Zong, and I. Yang, “Arn Imaps Regelation Techniges for
Pamsive Millimeter Wave Focal Plaze Arrzy Immging Badar Syeieen,™
Radar, 2000 CIE i, arermariomsl Conferesce, Oct. 20046, pp. 1-4.

[18] W. D' Crazio, a=d K. W “Subsmat-Eigeed-Wavegnide Cinculators
Suable for Millimetsr-Wevs lnngmioes” Microware Theory and
Teckeiques, [EEE Transectioes, vol ¥, pe. 10, pp. 3673-3880, Ocz.
2005,

[I7] W. D"Cregio, K. W and J Halszam “A Substeis Integrabed
Waveguide Degree-2 Circalates,” Misrowane and Wirelesy Compangets
Leners, IEEE, vol. 14, ne. 3, pp. 207 - 208, May 2004.

[12] E Wi D. Deslendes, and Y. Cassind, “The Subemate Eegrated Circwies
- A Kaw Cozcept for High-Frequezcy Elecmozics and Opbcslecoonics,”
Telpconwamisationg (1 Aoderm  Sollive, Cabls gnd Broadegsting
Servive, 2003 TELSES 2003, dek fetermational Conferemce, vol 1, 1-3
Cet. 2003, pp. II-X

109



100

[19] W. Che. 5. Yoo, and Y. L. {hew, “Substrate Inkegraed Wavezads
Hom Anteoma with Dielecwic Lezs” Microwowe and  Optieal
Technalsgy Lemers, vol 49, no. 1, pp. 168-170, Jaz 2007

[20] D M. Pogar, “Micewsvs Engizsenzg,” 3rd ed, Ed. Wilsy, 2005, po.

E63-667.
[21] F.T. WRaby, B E Moo, 2=d A K Fung, “Microwzwe Romaote Sensing:
Artive a=d Passtvw, Volims I Microwave PBemote Sensing

Fundaresntals 2=d Radiomesy,” Astock House, 1981, pp. 186-127.

[22] M E. Tiur “Radic 4 ry Racedvars,” A and Propapation,
JEEE Transccrioes, wel. 12, zo. 7, pp. 530-5838, Dec 1964,

[23] L. Qua=, Z. Yong-bomg, €. Qi-ks, F. Yozg Y. Jizn-yn, and L. Liang-
chae, “The W Bemd Radiemwtar for Imaging” Cosmuricanion,
Circuity and Sprtems, 2007 JOOCAS HNDT, fetermational Conference,
11-13 July 2007, pp. 1305-1308.

[24] H. Eim, 3. Deffy, and I Heord, “3iGe IC- based zerwee imagar,”
Clircaity amd  Syatew, JOOT JSCAE 2007 JERE anesatisaal
Swmeposium, 27-30 May 2007, pp. 19731978

[27] W. Crkaledbern, and D. B DxBear. “Use of Micrearvs Lanses = Phasa
Ramieval Microwave Holegrapky of Raflector  Antee=as,”
Antermzs 2=d Propagaties, [IFEE Transactozs, wol. 50, zo 9, pp. 1274-
1284, Sep 2002

[26] “Ampo® HFSE, vemiez 5, Ansoft Corporaties 2003

Benjamiz Lopez-Garcis was borz = Pusbla, Meaxico, co
Tocamber 03, 1881, Ela recenved the B.%c deges iz
alacmeonic bachelor from Benessdrita Uziversidad Awsémoma
e Posbla, Maxico in 200€. In the same year Be jodmed the
= National Iestitute for Astophysics, Optics and Elecemomics,
Pughla, Memice, whare be comemtly smdies the M. Eng
Dugres iz alecmonics with the specialty in moczowaves. He is
a shzdemt messbar [EZE.

Alonso Corona-Chavez (M702) mecsived the B.2c. degwes
Eom the Inscfute Tecnolegico v de Esmdios Superiores da
Momterrey (TTESM), Monterey, Maxico, = 1997, 2nd the
PoD. digwe fom the Univemity of Simonghene
Edghastoz, UK., in 2001. His doctoral ressarck concarnsd
miczeweve applications of superconductivity. From 2001 to

- 2004, be was a Microwsns Ezgineer with Cryosystems Lid,
Lutee, UK., whars he was invobred with the development of microwzvs
cirouits =ing soparcceductzg maiscials. Dhn=g s time, be was alse 2o
Hoporary Resserch Fellow with e School of Elecmical Enginessing,
University of Birmingham In 2004, be joined the Naticmal Instinate for
Ascophysics, Opgcs and Electrosmics, Pueble, Maxice, a5 an Assecizss
Profassor. His curment interssts inchods microwave applicesions of HTE, RF,
and micreweas devices for commeunicasions and radic astromony.

Iznacio E. Zaldovar-Euerm mcsived kis 5 5c degmes iz
alecoonics sogizsenizg fom Univemnsidad Awtdmome de
Pogkla, (Maxmico) = 1982, his MEc. Degme in
puicroslectronics from the Instiube Macicnal de Astrofisice,
Fei Opiica v Elecirénica (INACE), Méxuco, in 1995, and his
"W P degres im engimesting sciszces fom Umtversitd da
LA Francka-Combd, France, in 2001. Simce Febroary 2002, be
bas besn am associte ressapcker 2t the Deparmmemt of Electonics of the
Institmio Mecicmal de Astrofisica, Opgce vy Elecconica i Tomantzinda,
Pocbla, México. His comezt ressarch imferests are prmoerily in fiber opcs
commmmnication syetees, and alecTe-optic devicss on silicon, and microaErs
devicss. He &5 2 member of [EEE and SPIE.

DV . B.Murthy was borz in Azdima pradesh, India ce Angust
I 1880 Heo received the B.5c. deges from Andhra
- ezfvarsicy, Izdia, in 2000, tea M5c. degmes in physics fom
& Madras universty, Tamilzadu, Indsa fm 2002, a=d PRD

| dagree iz microwave physics fom Imdian Imssitute of
Tack=clogy, Madmas, Temilnadn, India in 2007, From 2007,
be is working as Associzte mesarcher C, Grand Milkmeter telsscope, Natozal
Institmte of Astrophysics, Optics and Elecoenics, Posbla, Maxico. His cumant
reagarch interests mclude Microwsve Hall effact, Passive millmster wavs

4

imaging, Zubsmae inkerated wawegode circwdts, Merowses filters and
hlstamatzaials.

110



B.2 Internal Conferences

This thesis work has also participated as poster presentation in the Noveno
Encuentro de Investigacién INAOE. The reference and the submitted paper

are shown below:

Benjamin Lopez-Garcia, Alonso Corona-Chavez, and Ignacio E. Zaldivar-
Huerta, “Passive Millimeter-Wave Imaging Using a Substrate Integrated
Waveguide Antenna,” Noveno Encuentro de Investigacion INAOE, November
6-7, 2008, Tonantzintla, Mexico, pp. 83-86.

111



Passive Millimeter-Wave Imaging using a Substrate
tegrated Wavequide Antenna

Banjamin Lapsz-Oarsls, Alonso Corona-Chives & Ignacio E. Zaldivar Husrta
Eleztranios Depariment

penjamin_logaiinsosp.mx , alonsocoronafinacep.mx, zaldlvan@inaocsp.mx

A pﬂ.::iv\l sillimeisrwors [FRMW) fmoging systas for comosolsd object detsction ot ths Ssguancy of 24 GHx with iotal powsr rodicomster
conEgamsion hac baar desigred ond tected. Wa cdded t= tha cystem o micremars lans to focus the torget to tha cntenne ond o sipkew diss &=
zzom tha fmogs under sureslanes, W slis incorperaied che Gubsimoe 2 Weeaguids (S17) tacknelogy in tha receivar snisnnn.

INTRODUCTION & of the s shown in Fig. 4. Sevarsl tests

have bees peclormed with comcealed chpscts of differsnt maiscials such s

et premches e L s wmﬂﬁh-m plastics, carwmice, cardboand and susinum. TEa reuks srs shown in Takls 1
m':m-xmméfwﬁz mmauwrmumMraraummqm
and

L ..::::.,m:um-m fzam piaced lm away from the antanma wes B my.
Traen iagrated croults (3] Tman dillarani chjscis Rave hean sacsad by placng fham Setwes the meerwe

foam mnd Hoa recelves anbmsa. TEa csial plats showsd s diffarancs of
e i it el o e -Mﬂ;‘pﬂ“#m% Approsimataly H = with the isitiel valus, whils the cardbcend plats di not
-um-pmdqumuuwmumn_nwmmu pevvkds any changa. Thsass findings ars comaistent with toa thecoy, since the

from an sctarzal reiml pont of the ek asd Erocesd uuu._u:-.:r mrertal plate Ban an amissivity neas 1o sem (1] and the cardbcand bs mvsibls ta

%&mwmﬂwwmm&_w m.mmm_

Thea binzk disgram of ths rlll'l'nuﬂmb—h shown in Fig. 1. To aztance
the sansitivity of tha systam we desig haweng e
=8 1 rrellimszcnds.

Wa danigned & SIW Bars antessa s (] flad tha
Assign =l the ante==a by |n|.m¢u:|n|_upou-un.-m = have & wids
bandwridts ax shown in Fig. 2.

Wa mricrowave bans [io Secus tha tampet io the antsnne) and & a TR
nipiow d #bunmllmq;ll-d.l'lumh:hlmfhll:!uuﬂ Fig- 4. Photograph of S WY maging vpeivm.
has & dlamester of 24 mlﬂd H.imnf'r&nmhmhﬂlmh
tha nipeow dse - i il | Wdiege dmv )
fraguecces. The dataded u-pu.mnumorm i Vallag: | 21

= o Gy o e 4 0 . H: [ e

in: han & mperad of B holea which Bave & dissster of 1.8 =m. FMaste Flals | =

E Bz cpull | ki

by

Fpkve Dhc
Mdal Finla ./ﬁ"l -7 =

Y

|_- E‘:ll::l | I A"E:::- ‘I LR Dol -1y TS !:l‘l

" T [ Table 1. Duq-nm'um T
" Cunguls p— L —
' | 1 o BR, m-hupMum;mmumnnpum&qu-n—u.umu
M T mpe pojeied mm the sy sew e gl e slepe of =
o, 19, %mm. and 2. %==m wids 0 has M daka
Fig. 1. Passbvs Milimetsr-wavs Imaging Systsm ook disgram. hmhr:; -m.? =2 : T
mnﬂnm wars made for shaps or "h."
BESULTS T

The preposs anisnns is shown = Fig. 2. % was sieznlaied using & commarcial
BN mizmulsor |5 s has & wida Iram 18 o &0 Gz, u ot
reapones of the raturn loes 5, [undar -10 415 appeoximstely], s ssows = Pig.
da TEa arc lens &= the subsirass improves the dimecthety of tha SIW
anienna. Tha md patinen in Euswted i Fig. 35,

Fig. 5 -gum.dunu-_v-n-nu b]Cmpu'hr

CONCLUSIONS

A pamxbrs millimeter-wwrs dmaging system maing s STW technology ks
‘beem alown, d2Terert materkil suck s plertics, caramica, casdbosrd aad
—.-.h-:unn- The W Eare.
[ gocd retara lom in o migs
mn-i.mnl-luu.-qunma—m Tha tmags [etbar O obtsdined

Fig. 2. af the W axp fara hom sstenns. Tha
dizsnsiczs of t2a microstrip Ens ara ®P=38mm, and L9=Z=m. Tha uaing the mipkow diec st optical fregueaciss i pressmted. The

[ im, mnd WORSIZmm. Tha SO demonstration of tha ndplow disc princizle ds mads & the optosd regiea
dizzsnsices & We=A.312mm, Le3dmm, cplinder medus =i f%==m, in apder to validats the ut

mmad maparainn pel.2mm. The subsirata tsicknsas s S=3=m,
mmm af g 1032, The langs of tha arc dn He=HAmm
Tha cversll dsnsions of fhe horn anisesa are $1.775 x 19.4 32 =m’ EEEEEEHQE_S_

”*—-“"-"“‘4 “M%m%

= T \____.,—- m‘- mm lu:m‘. alel Chivaie - hl:nmm
m Jiwel LRI
b 00 Don 5000, g BRX
W&.&ah mea-m-mwww»-mm
b e ﬁuu;_-usu Tieiin, . T lwiger bt Fasn Bnste-Sicnsined Botan of o Suasl
al mﬁmﬂmm*fw o Miovasas aad Opthn! Fecheokgy
Fig2. Ot al the SIW [l “Avat PSS, v 9 or————y

Baturn Loss 511. 'b]ml-.m..ib.n

112



Figure Index

3.1 Planck radiation-law curves (from [3.3]) ....covoiiiiii e 17
3.2 Total power radiometer block diagram .............c.coiiiii i, 23
3.3 Passive millimeter-wave approach .............cooiiiiiiiiiii i i, 26
3.4 Active millimeter-wave approach ............ccoovoiiiiiiie i, 27
4.1 Block diagram of the MMW imaging System ...........c.ccceeviiiii i iennen. 31
4.2 Electronics of the MMW imaging SyStem .............couvviiiiiiiiiiivninnnnnne. 31
4.3 Diagram circuit of a practical integrator .............ccccoovii i iiiiiieiiennnn, 33
4.4 Bode plot for the practical integrator .............ccooviie i, 35
4.5 Reflected waves entering primary SOUICE ..........ouvveeueeenieinennannnnens. 38

4.6 Lateral (a) and frontal (b) view of the millimeter-wave lens used in the
MMW imaging SYSIEM ......coii it e e e e e nenieeneeenes 39
4.7. Setup for measuring the radiation of the objects ............................ 42
4.8 Photograph of the parabolic horn antenna used in the PMWW imaging
Sy S BIM i 43
4.9 Photograph of the antipodal vivaldi antenna used in the PMWW
IMAGING SYSEEIM ..t e e e e e e e e e e e e aeeees 43

4.10 Dimensions in inches of the rectangular horn antenna used in the

PMWW iMaging SYSTEIM .....ouiitie e et et e e e e e e e 44
4.11 Photographs of the rectangular horn antenna used in the PMWW

IMAGING SYSEEIM ...ttt et e e e e e s s e e e e e e e e e e e e aaaaennn 44
4.12 Photograph of the MWW imaging System ...........c..ccovvevivieivenennnnnnns 45
4.13 Photograph of the top view of the electronics of the MWW imaging

ST 1 (=] 1 45
4.14 Diagram of the MMW imaging system in active mode .................... 46

113



4.15 Graph of radiated power density vs. frequency ................coceevennnen. 47
5.1 Topology of an SIW guide realized on a dielectric substrate with its

physical dimensions (from [5.7]) ......ccoviiiiiiiiiiii e, D4
5.2 Integrated transitions from planar circuits to SIW guide ................... 55

5.3 Geometry of the SIW flare horn antenna proposed by Che et. al.

5.4 The measured and simulated radiation patterns of the SIW flare horn
antenna at 27 GHz. (a) E-plane, (b) H-plane (from [5.6]) ....................... 58
5.5 The measured and simulated return loss Sy; of the SIW flare horn
antenna (from [5.6]) .....oovi it e e 58
5.6 Geometry of the SIW exponential flare horn antenna ...................... 60

5.7 Return Loss Si; of the proposed ISW exponential flare horn
=11 (=] ] = PP 62
5.8 Radiation pattern of the proposed ISW exponential flare horn
2101 (=] 0] 0 T D 62
5.9 Return Loss S;i; of the proposed ISW exponential flare horn antenna

with dielectric constant £=2.2 and substrate thickness h=0.381mm ......... 63
6.1 NIpKOW diSC diagram .........cooieiiiiiiiii e e e e e e e e 66
6.2 Representation of the rotating disk with 12 sampling holes ............... 68
6.3 Schematic if the nipkow disc system implemented by Soto et. al.,

6.4 Photograph of the integrating sphere used by Soto et. al., [6.8] ......... 69
6.5 Photograph of the nipkow disc system ..............cccoveiiiiiiiiiiineenen. 70
6.6 Diagram of experimental arrangement to find the minimum diameter

of the spiral holes of the nipkow diSC ...........ccocvviiiii i, 12
6.7 Figure 6.7. Graph of the hole diameter vs detected power ............... 72
6.7 Mark configuration of the second disc implemented to reduce the

resolution of the original nipkow disSC .............c.coovii i, 73
6.8 Photograph of the second disc constructed ..................ccocevvvieennen.. 74
6.9 Lateral view of the constructed nipkow disc system ........................ 74

114



6.10 Top view of the nipkow diSC SyStem ..........cccvviiiiiiii i,
6.11 (a) Photograph of a letter C illuminated by the laser beam and (b)
COMPULEr IMAGE FESUIL ..o e e e e e e e e ee e
6.12 (a) Photograph of a letter E illuminated by the laser beam and (b)
COMPULETr IMAQGE FESUIL ....e e e e e e e e e e e e e aeeeneas
6.14. (a) Photograph of a number 2 illuminated by the laser beam, and (b)
COMPULEr IMAGE FESUIL ... e e e et e e eee e
7.1. lllustration of the inherent noise problem caused by leakage and
electromagnetiC iNterferencCe ..o
7.2. Measurement of the radiated power of each component to address
the problem of electromagnetic radiation ................ooooviiiiiiiiiiiineanns
7.3. Photograph of the system covered by absorber material ..................
7.4. Setup to verify if the system had become isolated from the LO
(7= 0 1= 110} o T
7.5. Graph of the obtained measurements to solve the LO radiation .........
7.6. Diagram of the MMW imaging system in active mode .....................
7.7. Schematic for measuring the voltage/power relation of the MMW
IMAGING SY S BIM .. et e e e et e e e e e e e
7.8. Voltage/power relation of the MMW imaging system ......................
7.9. Settings for measuring the power behavior at the different stages of
the MMW imaging SYSIEM ..ot e e e e e e
7.10. Power behavior at the different stages of the MMW imaging

76

76

e

82

83
84

84

85

86

88
89

91

115



Table Index

4.1 Component characteristics of the total power radiometer ..................
4.2 Test results to obtain the integration time value for the integrator
design by using a parabolic (a) and a rectangular horn antenna (b) .........
4.3 Component values of the final integrator circuit ..............................
5.1 The relation between the height H of the dielectric arc lens and the H-
Plane Beamwidth (HPBW) ... e e
6.1 Test results to obtain the minimum size in diameter of the nipkow disc
holes for the implementation at millimeter frequencies ..........................
7.1 Obtained results from objects of different materials by using the
parabolic horn antenna .......... ...
7.2 Measured results from objects of different materials by using the
antipodal vivaldi antenna ...
7.3 Obtained results of different materials by using the rectangular horn
= L] =] 0 -
7.4 Measurements of the aluminum plate radiation at different viewing
angles with the LO and all the components isolated with a millimeter-wave
ADSOIDY .
7.5 Object radiation detection in active mode .............cccvvviviie i iiiennnnn
7.6 Voltage/power relation of the MMW imaging system ........................
7.7 Measurements of the power behavior at every stage of the MMW

IMAGING SYSTEIM ..t e e e e e e e e et e e e e e eaaenes

36
37

57

71

80

81

81

85

87

89

90

116



	1 - Portada Tesis.pdf
	Tesis 1.pdf
	Parte 1.pdf
	Parte 1.pdf
	2 - Abstract & Resumen.doc
	3 - Agradecimientos.doc
	4 - Dedicatorias.doc
	5 - Frase.doc
	6 - Index.doc
	7 - Chapter I - Introduction.doc
	8 - Chapter II - State of the Art and Justification.doc
	9 - Chapter III - Radiometer and Millimeter-Wave Imaging Theory.doc
	10 - Chapter IV - Experimental Arrangement.doc

	Parte 2.pdf
	11 - Chapter V - SIW Antenna.doc
	12 - Chapter VI - Nipkow Disc.doc
	13 - Chapter VII - System Results.doc
	14 - Chapter VIII - Conclusions.doc


	Microsoft Word - 15 - Appendix A.pdf
	Microsoft Word - 16 - Appendix B.pdf
	Parte 4.pdf
	Parte 5.pdf


