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Abstract

In recent years, the escalation of terroristic threats has caused an increase of security measures at
sensible locations like airports and government buildings. Current methods for concealed weapon
detection are either ineffective, slow or bulky, limiting their use mainly to security checkpoints. A
fast imaging system for Concealed Weapon Detection implemented as a mobile gate, or in general
as an easily transportable device, is considered as an ideal solution for fast screening of people at
mass events.

In this thesis report, the design of an UWB MIMO 2-D array-based Microwave Radar Imaging
system based on a RF-multichannel scheme is presented. Requirements of the design are low power
emission and minimization of data acquisition time, cost and complexity. UWB technology is used
to obtain high resolution, while MIMO technique helps reducing the number of required antennas in
the 2-D array without a net degradation of performance. The final RF-scheme was selected based on
the availability of commercially off-the-shelves RF-components.

The performance of the selected RF front-end was evaluated both via mathematical analysis and
ADS simulations. The results of the simulations showed that by proper selection and positioning of
filter in the basic RF-scheme, it is possible to achieve satisfactory performances in terms of

harmonic suppression, detectability of targets and down-range resolution.
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Chapter 1: Introduction

Since the times of Galileo and van Leeuwenhoek, considered fathers of the telescope and
microscope, respectively, man has been obsessed by the desire to see more clearly what was far way
or what was very small. For centuries, efforts to capture visions beyond the range of the normal eye
have long engaged scientists and engineers. In the 20th century, the development of the first photo
camera and successively the discovery of X-rays were only the first of many achievements leading
to the development of imaging devices which made possible what once would have been considered
“magic”, such as the recording of forms of light to which the human eye is essentially blind and the
penetration of veils both around us and within us. Nowadays, imaging devices are used as precious
supports in many fields (military, medical, security, meteorological, space exploration, etc...), and
they affect us in all aspects of life.

In particular, radar has become one of the most ubiquitous of imaging technologies. Today,
imaging radars are used to map the Earth and to reproduce weather patterns, they can provide
pictures of other planets’ and celestial objects’ surfaces, and create images of objects buried in the
ground, or hidden behind barriers.

One of the applications of imaging radars that has recently emerged is the detection and imaging
of objects concealed on humans to improve the security of sensible locations like airport, banks,
malls, etc..., due to the increasing threats ranging from the less dramatic knife and gun carriers to
the hardened terrorists.

In this thesis report, we investigate the feasibility of an Imaging Radar System for concealed
weapon detection, using Microwave Ultra-Wideband (UWB) technology, for fast screening of
people flows at mass events. In this chapter, a general overview of the thesis report is given. In the
first section, a brief introduction on the main research area of imaging radars is given, and the
objectives of the thesis are stated. In section 1.2, a brief overview of state-of-the-art technologies for
concealed weapon detection is given, with particular attention to active imaging radar systems.
Section 1.3 describes the chosen approach to the research problem, addressing the challenges and

the novelties of the thesis work. At last, the outline of the thesis is given in section 1.4.



1.1 Research problem description and objectives

In the last decade, the field of security systems for concealed weapon detection, with particular
attention to imaging radars, has been one of the major focuses of the research performed at the
department of Microwave Technology and Systems for Radar (MTS-R) of the faculty of Electrical
Engineering, Mathematics, and Computer Engineering (EEMCS) at Delft University of Technology
(TU Delft). Imaging radars are devices that measure the intensity and the round-trip time of
electromagnetic waves that are emitted by the radar antenna system and reflected off a distant target
or surface, producing an image whose structure reproduces on a definite scale the spatial
arrangement of the target. The challenge in this field is the design of imaging systems that are
reliable, safe and cost-effective with no privacy concerns.

Recently, MTS-R department joined the ATOM project (full title “Airport detection and
Tracking Of dangerous Materials by passive and active sensors arrays”), supported through the
European Commission's 7th Framework Programme as a capability project in the area of airport
security. The objective of the ATOM project is to study, design and develop a functional prototype
of an innovative multi-sensor based system, integrating active and passive radar sensors, with the
purpose of improving security of both the terminal and gate areas of airports. The ATOM system
will be a non-intrusive but pervasive security system, based on the integration of active and passive
radar technology. MTS-R on behalf of TU Delft contributes to this project with the development of
an ultra-wideband (UWB) radar technology that provides a high 3-D imaging capability and
performs shape-based detection of concealed dangerous objects such as metallic weapons and
explosive materials. The project started in 2009 and is currently in process.

Following the ongoing research on the ATOM project at the MTS-R department [5,6,7,8], this
thesis project consists of a fundamental study of a mobile scanner and the design of a high-
resolution radar sensor based on Microwave UWB technology with particular focus on the

minimization of its cost and complexity in terms of electronics and number of antennas.

1.2 State-of-the-art Active Imaging Radars for concealed weapon

detection

Currently, the state-of-the-art Active Imaging systems for concealed weapon detection mostly
comprises imaging systems working with millimeter waves (MMW), implemented with two

fundamentally different techniques, which are also suitable for microwave frequencies [18].
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The first technique uses a focal-plane 2-D array placed at the focal point of a lens system, and
operates in a manner analogous to optical video cameras. The scattered field is collected at the lens
aperture, which focuses the RF energy into small volumes within its field of view. This makes it
possible to scan image voxels (volume cells) in front of the lens, and to display a 3-D image in real-
time. The major advantage of this technique is the relative compactness of the imaging system. On
the other hand, focal-plane array imagers have a number of shortcomings, including a relatively low
resolution, a small aperture due to practical constraints in the lens size, and a limited field of view,
in addition to the high cost due to the 2-D array.

The other method, conceptually very similar to SAR, consists in a holographic radar imaging
technique that allows reconstructing images of targets from data measured at different points of a 2-
D aperture. A holographic radar includes a radar transceiver which is scanned over a rectilinear
planar aperture to actively illuminate the target. The scattered field is measured coherently (both
amplitude and phase of the scattered signal are recorded), and the acquired data are finally used to
mathematically reconstruct a focused image of the target without the need for a lens. The stronger
points of this technique are near-real time operation, large aperture size allowing a full body view of
the person under surveillance, high resolution, and the ability to mathematically focus the
reconstructed image at any single depth.

The millimeter-wave holographic-imaging technique has been extensively developed over the
last two decades at the Pacific Northwest National Laboratory (PNNL), Richland, WA (USA),
where several MMW holographic imaging systems, operating at different frequency bands from 10
to 120 GHz, have been built and tested [18,19,20,21,22].

Among others, they have developed an image-reconstruction algorithm that essentially merges
the microwave holographic approach and the SAR approach to form 3-D images of the target from
data collected over a 2-D aperture, with the use of a wide frequency bandwidth.

In [19] they show the advantages of wide-band holographic imaging over the single-frequency
approach, by comparing the image quality of a 35 GHz single-frequency holographic imaging
system with the same system converted to operate in the 27-33 GHz range. The system uses a linear
array of sequentially switched antennas with a vertical scan. The array is made of an upper row of
64 transmit elements and a lower row of 64 receive antennas, yielding a horizontal aperture width
of about 0.75 m. The array is mounted on a fast mechanical scanner which moves the array over a
vertical aperture of 2 m, allowing gathering a full image data set over the entire 0.75x2 m aperture
in less than 1 s.

In figure 1.1 are shown the holographic images of a man in front and back view, obtained with

both the single-frequency (a and b) and the wideband (¢ and d) approaches. Wideband images have
3



a better quality than the single-frequency counterpart, which lacks of focus over many parts of the
image. This can be explained by the fact that due to the close-range large-aperture operation, the
single-frequency approach has a very short depth of field, which means that images of targets with
significant depth, such as the human body, cannot be reconstructed in complete focus. On the
contrary, with the wideband approach the use of a large frequency band dramatically improves the
down-range resolution of the system, allowing the whole body to be in focus at the same time. In
addition, wideband imaging also largely attenuates the effect of speckle, which is due to complex
interference from varying reflection points on the target at different ranges, and is thus prevalent in

single-frequency coherent imaging systems.

1a} (b} (c} (d)

Figure 1.1: Comparison of Single-frequency (35 GHz) images of a man (a, b) and Wide-band (27—
33 GHz) images of the same man (c, d), [18].

The MMW holographic imaging systems developed at PNNL have been extensively tested on
personnel carrying weapon and other innocuous items, and their imaging results have confirmed
how metallic weapons and innocuous items in general show up quite clearly in the images.
Concealed threats fabricated with plastic materials such as C-4 explosives and plastic flare guns are
also easily detectable in the images, although their reflectivity is lower than metallic items and the
human body, and they appear less bright [20]. In [22], it was demonstrated that holographic imaging

systems in the 10-20 GHz frequency band are also effective in the detection of biological and
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chemical agents in envelopes and the detection and location of sealed containers concealed in body
worn clothing fabricated with glass and plastic, which could contain harmful agents.

In [19] and [21] they also demonstrate how polarimetric imaging techniques can be employed to
obtain additional information from the target. Polarization dependent reflections can be exploited
for personnel screening by allowing differentiation of smooth features, such as the human body,
from sharper features present in many concealed items. Additionally, imaging artifacts due to
multipath can be identified and eliminated.

Recently, the researchers of PNNL have also developed a wideband holographic cylindrical
imaging system which allows forming a complete 3-D reconstruction of the target, by inspecting the
target from multiple angles. It uses a vertically oriented linear array scanned over a cylindrical
aperture by a mechanical scanner, thus gathering data over the entire 360° around the target.

The cylindrical imaging technique has been licensed to L3-Communications Safeview which has
produced a commercial system, ProVision body scanner; this system has already been deployed in

some of the major USA and European airports as a checkpoint security system [26].

1.2.1 Other methods for Concealed Weapon Detection

Apart from radar imaging systems, several methods exist and are in use for concealed weapon
detection and imaging.

Currently, most of personal screening security systems rely on metal detectors, which have been
quite effective but suffer from a number of shortcomings. Metal detectors are able to detect only
metal (or, in general, highly conductive) targets, but cannot distinguish an actual threat, like a gun
or a knife, from innocuous items such as metal buttons, coins, keys, etc..., thus generating a rather
high false alarm rate. Moreover, they are unable to detect non-metallic materials, thus being
ineffective against modern threats such as plastic or ceramic weapons and explosives. Metal
detectors are detection only systems, and thus provide poor information.

A more effective method to detect weapons concealed under a person’s clothes consists in the
use of X-Ray imaging systems. Recently, many airports in USA have installed whole body scanners
based on X-ray imaging technology. Thanks to the very high frequencies involved, X-ray imagers
have a very good spatial resolution, which allows identifying possible threat items of every type of
material. These devices make use of low energy x-rays which penetrate a few millimeters into the
body tissues, that is not enough to find objects hidden within body cavities or concealed under
heavy flesh. However, X-ray imagers for personnel screening have raised some privacy issues, due

to the highly detailed anatomical information contained in the images. This problem could be
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overcome by altering or blurring parts of the image to hide such anatomical details, but this solution
would very likely decrease the image quality and clarity, thus reducing the ability to identify small
items and objects concealed in the blurred parts of the body. Moreover, there are also safety
concerns due to the fact that x-ray radiation is ionizing. Although the intensity of emitted radiation
is much lower than the amount believed to be a threat to health, there still remains preoccupation
and distrust of this technology among the public.

A much safer method consists in the use of passive radar imagers. Passive systems do not use an
illumination source, and thus they do not pose any health risk for the person being screened. As a
matter of fact, a passive radar measures the electromagnetic radiation that is naturally emitted over a
broad spectrum by all bodies, forming an image representing the intensity of this radiation. The
intensity of the emitted radiation depends on the physical characteristics of the emitting body and its
temperature.

At MMW frequencies, for example, the human body has a high emissivity due to its temperature.
When a person is screened using a passive system in the MMW region, any concealed item would
appear as a dark spot in the image, in contrast to the brighter background of the human body. This
difference in brightness is due to the different intensity of the radiation emitted by the concealed
item and the human body.

More recently, passive imagers have been realized also in the THz region, where many materials
exhibit characteristic terahertz spectral features which can be used to identify them. This leads to
the promise of direct detection of threat materials rather than simply inferring their possible
presence by detecting an anomaly which has to be resolved through further, physical inspection.

Passive systems have shown their effectiveness in imaging concealed weapons, but their
performance can drastically vary when used in different environments: in particular, in outdoor
environments with large open space, the image quality is typically better than indoor, where it

suffers from degradation due the higher intensity of background emissions.
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Figure 1.2: Block diagram of a complete radar imaging system.

1.3 Challenges, chosen approach and novelties

The design of imaging systems for security applications is a challenging task, which requires the
fulfillment of demands which often go in opposite directions. The main challenge in this field is the
design of imaging systems that are reliable, safe and cost-effective with no privacy concerns.

In terms of performances, the radar sensor must provide a fine resolution and a high signal-to-
noise ratio for the processing stage, while achieving fast data acquisition and processing times for
near-real time sensing of people flows. In particular, the down-range resolution should be high

enough to distinguish reflections from a human body and an object attached to it, and to allow for

target-shape recognition after the processing stage.

Fundamentally, the design of a complete imaging system is an interdisciplinary task that can be

divided into four main parts:

- the antenna system, which must have low sidelobes/grating lobes;

- the radar front-end, that should provide a fine down-range resolution and a high dynamic

range and signal-to-noise ratio for detection of strong and weak signals;



- the radar back-end, which should ensure a fast and efficient signal processing and imaging
stage;
- the control system, with the task of providing the correct signals to drive the source and the

switches;

However, the goal of this thesis is a fundamental study of a mobile scanner and the design of a
microwave sensor based on UWB technology, with particular focus on the design of the radar front-
end; design of antenna system, radar back-end and control system are not treated in this thesis
project, although some assumptions on the antenna system have been be made to come to a proper
design of the radar front-end.

In order to obtain the ultimate goals of this project, the first step was to perform a survey of
state-of-the-art imaging systems for concealed weapon detection, in order to identify pros and cons
of current imaging systems. From this, the need was clear for a safe and reliable imaging system
which could achieve high performance and fast data acquisition time while minimizing its overall
cost and complexity.

The use of UWB radar technology is crucial to ensure the satisfaction of safety and reliability

requirements, thanks to its several advantages:

- high down-range resolution;

- capability of detection and classification;

- very low power radiation which is ideal for human body exposure;
- good coexistence with other existing instruments;

- robustness against interferences.

UWB radar technology has been used in different applications, from ground penetrating radars to
medical imaging. Nowadays the state-of-the-art of UWB radar systems are array-based radar
systems, either using the Synthetic Aperture Radar concept or an array with sequential operations of
identical transmit/receive pairs. In spite of their relatively fast scanning speed and high cross-
resolution capability, such systems can hardly fulfill the demand of real-time data acquisition and
operation due to practical limitations.

The development of a UWB array-based real-aperture system with multiple-input multiple-
output (MIMO) technique would help overcome these limitations, while reducing the element
density in the array and decrease the overall cost of the system.

The main novelty of this thesis project consists in the design of a multichannel RF-scheme

specifically optimized for a MIMO antenna array, with minimized data acquisition time and
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complexity, and designed with the use of commercial off-the-shelves RF-components to keep the
overall cost of the system to the minimum.
The final design has been evaluated in terms of performance, both by means of mathematical

analysis and simulation with ADS, using real components specifications.

1.4 Overview of the thesis report

This thesis report is organized as follows. In chapter 2, the functional requirements of the UWB
sensor for the selected application are discussed and some generic specifications are extrapolated. In
particular, selection of appropriate frequency band and UWB technology are treated in this chapter.
Successively, after a brief explanation of the theoretical concepts behind it, the number of elements
required in the antenna array is estimated.

Chapter 3 begins with an overview of theoretical concepts of FMCW radars, before going into a
more detailed analysis of the tradeoffs required to arrive to an optimal RF-scheme. Definitive
selection of the multichannel RF-scheme is based on the availability of off-the-shelves RF-
components, which were surveyed for this purpose.

Chapter 4 presents the performance estimation of the selected RF-scheme. This includes power
analysis, noise analysis and estimation of power budget and dynamic range. A detection analysis for
typical targets such as a handgun and a knife is also performed.

In chapter 5, the final multichannel RF-Scheme is simulated with microwave circuit simulator
ADS™. The purpose of the simulation is to investigate the influence of harmonics generated by the
radar electronics on the beat signal, and the detectability of typical targets on the background of
human body reflections. Verification of down-range resolution of the radar system is also
performed via ADS simulations.

Finally, chapter 6 includes conclusions of the thesis report: the obtained results are summarized,
and suggestion and recommendations for improvements and future works are at last given in this

chapter.
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Chapter 2: Feasibility study

In this chapter generic radar specifications for the design are estimated from functional
requirements. Section 2.1 introduces the functional requirements derived from the typical
application scenario and the purpose of the UWB imaging system. Section 2.2 explains the design
choices behind selection of frequency band, describing the fundamental parameters which are
affected by this choice. In section 2.3, the different UWB technologies currently available for the
realization of radar systems are discussed, and the most appropriate technology for our design is
selected. Section 2.4 gives a brief overview of the concepts behind the selection of the antenna
array, and an estimation of the number of transmit and receive array elements supposed to be used

for the radar system subject of the thesis.

2.1 Functional requirements of the UWB sensor for concealed weapon

detection

In order to come to a proper design, it is necessary to define and quantify the functional
requirements of the radar imaging system and from this derive the radar specifications.

The UWB sensor is intended for short-range sensing of people at mass events, and its typical
application scenario consists in the person under test standing in front of the radar antenna system at
a distance comprised between 0.5 and 2 meters, corresponding to the operational range of the radar.
In order to be able to scan the whole body at the same time at such short-range, the antenna array is
required to have a size comparable with the human body. An antenna aperture of 1 m in width and 2
m in height is thus selected for this purpose.

For any active radar used to scan human beings it is important to keep a low emitted power, due
to safety and health concerns. Given the academic purpose of this work, we won’t consider the very
restrictive safety regulations by FFC for UWB systems, which in our case would limit the EIRP to -
41.3 dBm/MHz, but we’ll take as our power limit the typical emissions levels from mobile phones,
i.e. 1 W (30 dBm).

A crucial requirement for fast operations of the radar is the acquisition time. Since the radar is
intended for fast screening of people flows, it should be fast enough to acquire target information in

near-real time. For this, it is necessary a data acquisition time of at most 2 s.
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Detection of targets attached to the human body requires a fine resolution in order to be able to
distinguish reflections from the target itself and the human body. A resolution between 1 and 2 cm
is desirable for such purpose.

Furthermore, the ability to detect targets of any kind of material (ceramic, metal, plastic, etc...)
requires a solid dynamic range, as the difference in signal strength due to reflection from different
materials can be quite high.

Apart from these functional requirements, an important aspect for this design is also represented
by the cost and complexity of the radar system that should be both kept as low as possible. The
employment of commercial off-the-shelves RF- components for the assembly of the radar system
surely helps to keep the cost minimal. Moreover, optimization of the electronics in terms of number
of components is also necessary to keep its complexity within bounds and reduce the cost to the
minimum.

Once the general requirements and specifications of the radar system have been decided, the
following step is to investigate the feasibility of a radar system respecting such requirements. This
feasibility study consists in the investigation of optimal frequency band and proper UWB
technology to be used for the RF-front-end, and the estimation number of required transmit and

receive elements in the antenna array.

2.2 Selection of frequency band

Selection of frequency band is crucial for several aspects of the design. Roughly speaking, the
use of microwaves allow complying with most of the aforementioned requirements with more ease
than millimeter waves, as it requires a much less dense spatial sampling (and thus less array
elements, see section 2.4), consequently reducing the cost of the antenna system, the data
acquisition time and the amount of computational power required for data-processing.

Definitive selection of frequency band is usually determined by the required resolution for the
intended application. The resolution of the radar measures its ability to distinguish between two
closely spaced targets, and it is defined as the minimum resolvable distance between two targets.

For concealed weapon detection, it is desirable to detect and classify weapons of any kind of
material (metal, plastic, ceramic, etc...) attached to a human body, without revealing too much
anatomical details of the person under test. While millimeter resolution typically results in a
photographic-like picture of the naked body, thus breaching personal privacy, centimeter resolution

is sufficient to provide enough details of the targets without raising ethical aspects.
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For a wideband radar, the resolution in the resulting 3-D image depends on operational
bandwidth, central frequency, range to target and the dimensions of the array aperture.
In the down-range dimension, the resolution is purely determined by the radar operational

bandwidth, and given by
Sy === (2.1)

where c is the velocity of propagation of the electromagnetic wave in the sensing medium, and B is
the operational bandwidth at -10 dB level. As it can be seen from the formula above, high down-
range resolution can be obtained with the use of a large bandwidth. The use of UWB technology
thus becomes necessary in order to ensure a fine down-range resolution. To obtain the required cm
resolution, we must then select a bandwidth of at least 10 GHz, for a 1.5 cm resolution.

On the other hand, the cross-range resolution is typically estimated in the height and width

dimensions as:

- A= (22)
L

O = A R (2.3)
: L

where L and L., represent the length of the effective aperture of the antenna array along the
elevation and azimuth directions respectively, R is the range to target and A is the wavelength at the

central frequency f..

For a MIMO array, the length of its effective aperture is the sum of the lengths of both transmit

and receive arrays [5]:
L=L_+L_ (2.4)

If we consider identical transmit and receive antenna apertures, the cross-range resolutions

become:
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Considering a minimum aperture size of 1 m (azimuth direction), to obtain a cm resolution at 1
m range in the produced 3-D image, a central wavelength of around 2 c¢cm (corresponding to 15
GHz) is necessary. Based on these preliminary considerations, we initially select an operational

frequency band between 10 and 20 GHz.

2.3 Selection of UWB technology

UWB radars for concealed weapon detection can be realized based on different UWB
technologies, such as video impulse, quasi-random noise, stepped-frequency continuous wave (SF-
CW) and frequency modulated continuous wave (FMCW). Selection of optimal technology for our
design depends on the functional requirements of the radar, in particular the demand of low power
and complexity, fast data acquisition time and high SNR. Based on these requirements, we can
make some general consideration on the above mentioned UWB radar technologies, in order to
select the most appropriate for our design.

UWB radars can be realized either with Time-Domain and Frequency-Domain technologies.
Pulse radars and noise radars are time-domain systems.

Pulse radars physically transmit very short pulses (hundreds of picoseconds) without a carrier,
resulting in a signal with an instantaneous ultra-wide bandwidth. Detection of pulses scattered from
a target is typically performed via a simple threshold detector, or a more complicated sampler
(direct or stroboscopic). The classical block scheme of the UWB video impulse radar is very
simple, resulting in a relatively cheap, compact and robust radar design. On the other hand, the
energy contained in such short pulses is very low, with the consequence that the peak power has to
be very high in order to obtain reasonable SNR performances. Besides, this makes this technology
quite sensitive to interferences from other narrowband services and noise, typically resulting in low
SNRs. The most serious disadvantage of this technology is that the reception of high instantaneous
bandwidth signals requires A/D converters with a very high sampling rate, which are either

expensive or very difficult to realize. This problem is typically overcome by the use of stroboscopic

14



sampling, which requires repetitive measurements to gather enough samples to reconstruct the
signal. Such approach mitigates the requirements on ADCs, but causes an increase of the
acquisition time and a significant loss of signal energy.

Noise radar technology is typically based on transmission of a continuous pseudo-random
sequence of video pulses and correlation processing of reflected radar signals for optimal reception
(matched filtering). Continuous transmission of short pulses within a sequence considerably
increases the average transmitted power, thus improving the SNR with respect to the video impulse
radar. However this also results in a more complex architecture than pulse radars, due to the high
number of pulses required for transmission and the complexity of correlation receivers.

UWB frequency-domain radar technologies acquire data in the frequency domain and transmit a
continuous wave (CW), whose frequency changes over time. Frequency-domain radars have a solid
background, due to the well-developed RF technology and a large selection of commercially
available components. This technology typically leads to a higher signal-to-noise ratio due to a
higher and more uniform spectral density of the radiated signal and, in principle, it allows the use of
a much larger frequency bandwidth than the time-domain approach, and thus higher resolution [1].

There are basically two approaches to realize frequency-domain radars: the stepped frequency
approach (or SFCW, Stepped-Frequency Continuous Wave), and the frequency sweep approach (or
FMCW, Frequency Modulated Continuous Wave). A SFCW radar transmits a signal whose
frequency changes in a step-like fashion, dwelling at each frequency long enough to allow received
echo signals to reach the receiver. On the contrary, an FMCW radar, in its simplest form, transmits
a signal whose frequency linearly changes with time, covering the whole operational bandwidth.

Both approaches generally make it easier to implement a low power system, thanks to their high
duty cycle, and the low complexity in their architectures. However, FMCW has in general a more
efficient waveform (duty cycle of 100 %) w.r.t. SF-CW (where the duty cycle is decreased by the
dwell time required at each frequency step), and thus FMCW reduces the peak power to the
minimum.

In principle, FMCW has a more straightforward implementation in terms of transmission and
reception of signal than SFCW, and is thus preferred for our design, as the more convenient way to

guarantee a high SNR, while keeping a low complexity in the RF-electronics.
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2.4 Estimation of number of antennas

Selection of a multichannel RF-scheme requires knowledge of the number of antennas in the
array, in order to optimize the electronics in terms of number of channels, complexity and speed.
Before going into a detailed estimation of the required number of antennas, the theoretical concepts

behind this estimation are briefly explained.

2.4.1 Data acquisition and spatial sampling

To form a 3-D image of the target under test, the antenna system of an UWB short-range radar
has to collect the data over different spatial points within a 2-D aperture in front of the target. Data
gathering and the subsequent image reconstruction requires the collected data to be discretized,

satisfying the Nyquist criterion.

Spatial sampling paoints

r /. __|-------= Observation point

L ¥

Figure 2.1: Geometry of 2-D planar aperture and positions of spatial sampling points, according to
Nyquist criterion [6].

The Nyquist criterion states that in order to prevent unwanted grating lobes in the acquired data,
which can severely reduce the contrast or dynamic range for imaging, the phase shift from one
spatial point to the next must be less than « rad. The required spatial sampling depends on multiple
factors, like size of array aperture and target, wavelength and distance to target. Practical imaging

systems often employ spatial sampling in the order of A/2.
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For a wideband system, the Nyquist criterion needs to be satisfied for the smaller wavelength
over the entire operational bandwidth. Thus, once the operational bandwidth and the aperture size
are defined, the Nyquist criterion defines the number of spatial points over which the data will be

collected, according to the formula:

2 2
NSSfNyquist = |:T (Laz+1):|x|:r (Lel+1):| (27)

‘min min

where L., and L are the array aperture size in the azimuth and elevation planes respectively, and
Amin 1S the wavelength at the highest frequency. This number refers to the number of required
receive antennas, independently from the number of used transmitters.

Data acquisition for array-based imaging radars can be performed with two basic approaches:
Real Aperture Radar (RAR) and Synthetic Aperture Radar (SAR).

The RAR approach uses a planar antenna array whose size determines the size of the 2-D
aperture. To satisfy the Nyquist criterion, a receive element must be placed on each spatial sampling
point within the aperture, making theoretically possible the production of 3-D images in real-time
by operating simultaneously all the array elements. On the other hand, this method is often limited
by physical constraints such as a limited aperture size and a typically large number of required array
elements, often leading to unrealistic costs and electronic fabrication problems. In addition, the
simultaneous operation of all the array elements produces a huge amount of data, which would be
difficult to handle for real-time operations.

On the other hand, the SAR approach helps to reduce costs at the expense of a longer data-
acquisition time. A typical SAR uses a single transmit/receive antenna pair that is mechanically
scanned over a set of spatial points (defining the 2-D aperture) to collect the data. In this way, SAR
allows synthesizing large 2-D apertures, without demanding a large number of array elements like
for RAR approach. This results in a lower cost of antenna array, and requires just a single channel
receiver, which makes also the electronics+- part cheaper. On the other hand, this method typically
employs mechanical scanners to cover the whole 2-D aperture, resulting in a much larger data
acquisition time than RAR, which makes it not feasible for real-time operations. In addition, the
scanning procedure could cause errors in positioning of the radar with respect to the target under
test, unless a very precise scanner is employed. Positioning errors eventually results in distortions of

the image, which can be larger than distortions caused by non-linearities of the radar electronics.
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A good compromise between low cost and fast acquisition time consists in a hybrid RAR-SAR
approach, realized by replacing mechanical scanning in one direction with a linear array. The array
is typically made of identical elementary radiators, and different antenna pairs are sequentially used
as transmit and receive antennas. Such approach would require a much lower number of array
elements compared to RAR, while achieving a faster acquisition time with respect to SAR, due to
one dimensional scanning.

Since the most important requirement in our design is fast acquisition time, the RAR approach is
preferable. An antenna array working in the 10-20 GHz frequency band and covering a planar
aperture with L,, = 1 m and L,; = 2 m, according to Nyquist criterion, would then require a total of
135%x268=36180 different spatial points over the aperture, for a total of 72360 antenna elements,
assuming the case with the same number of transmit and receive elements. An array with so many
elements would be very expensive and almost impossible to realize with current technology, and it
would require an enormous computational power to process all the data. Array thinning is thus

required.

Tx "Phantom® TRx R

Figure 2.2: Phantom element positioned mid-point between the transmitter and the receiver [13].

2.4.2 MIMO approach and sparse array concept

A good technique for array thinning that has recently emerged also for radar applications is the
multiple-input multiple-output (MIMO) approach, which allows to obtain near-field beam patterns
comparable to the ones of a dense array, by synthesizing filled apertures (A/2 element spacing for
both transmit and receive) with a much lower number of array elements than RAR approach. This

technique is based on the notion of phantom transmit/receive elements, illustrated in figure 2.2, and
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described in [13]. Considering a target in the far-field, signals from a bistatic transmit/receive pair
would be identical to signals received from a monostatic transmit/receive element positioned mid-
point between transmit and receive elements of the bistatic pair. In a MIMO array, a phantom
element is synthesized for each different transmit/receive pair in the array, thus making possible to
synthesize a completely filled aperture comprising MxN virtual elements, by using only M transmit
and N receive antennas. The total number of antennas will then be minimal by selecting equal
number of elements in both transmit and receive arrays. For a wideband system, the number of

required spatial sampling points or virtual elements is

min

2 2
NSSfMIMO = |:T (Laz+1):|+|:r (Lel+1):| (2.8)

min

With a planar aperture with L,, = 1 m and L, =2 m, and a 10-20 GHz frequency band, a MIMO
array thus requires 135+268 = 403 elements, while with Nyquist criterion this number would have

been 72360, assuming the case with the same number of transmit and receive elements.

Figure 2.3: Example of 2-D synthesized planar array with 16 phantom elements (in red, using 2
transmit and 8 receive elements [modified from 13].

For a MIMO antenna array, the effective array aperture is equal to the spatial convolution of
transmit and receive antenna array apertures. As a result, it is possible to synthesize large and dense
arrays while the real antenna aperture and the element spacing can be smaller and coarser.
Furthermore, by using spatially distributed multiple transceivers, MIMO radars capitalize on the
diversity of target illumination and scattering by viewing the target from multiple aspect angles,
improving the detection capabilities and the possibility to reduce clutter. The advantages of MIMO

antenna arrays are demonstrated in [9, 10 and 12].
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On the other hand, such method has a major drawback: as a matter of fact, array thinning
typically results in a dramatic increase of grating lobes, which can severely reduce the contrast or
dynamic range available for imaging. Reduction of these grating lobes is necessary to obtain good
performances.

The use of UWB signals for transmission is an effective approach to reduce the influence of
grating lobes in thinned or sparse arrays. In [6] it is shown how under the condition that the
fractional bandwidth of the transmitted signal is at least 100%, where B > f., a majority of the
expected grating lobes occurs outside the IR (Interfering Region), thus not enhancing each other
and drastically reducing their influence on the array pattern. To ensure the elimination of the entire
grating plateau, one must ideally select a 200% fractional bandwidth. As a general rule the higher
the fractional bandwidth, the lower the influence of grating lobes, as shown in figure 2.4.

Apart from the signal bandwidth, the distribution and level of sidelobes is strictly related to the
array topology. Previous research demonstrates that with aperture thinning and an appropriate array
topology, it is possible to obtain a sidelobe level comparable with that of dense arrays with A/2
element spacing, while drastically reducing the number of array elements [5]. As a matter of fact, a
well-done array topology optimization actually redirects side/grating lobes to different positions so

that they don't enhance each other.

Grating/Side Lobe Level [dE]

| |

| |
0 25 50 75 100 125 150 175 200
Fractional Bandwidth [%a]

Figure 2.4: Influence of fractional bandwidth on the grating/side lobe [dB]. The aperture size is
100 A, with 2.5 A. element spacing. Image taken from [6].
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Also in [6], a method is described to determine the minimal number of array elements in a UWB
array-based imaging system, based on the mainlobe-to-sidelobe ratio required in the resulting
images. Under the ideal condition where all grating lobes have been eliminated, the mainlobe-to-

sidelobe ratio can be simply estimated by the ideal sidelobe level (ISL) defined as:

1
ISL =201log,, () (2.9)

E

where N is the total number of sampling points or virtual elements within the effective aperture. As
already mentioned, for a MIMO array Ng represents the product of transmit and receive elements,

when no redundancy exists within the effective aperture:
‘N (2.10)
while total number of antennas within the array is

N=N_+N_ (2.11)

The ISL is a 1-D approximation of the maximum sidelobe level in the resulting image of a sparse
UWB array aperture. However, the achievable sidelobe level in the near field is generally worse
than the ideal case, due to spreading loss and near-field effects [6]. The ISL is thus used to derive
the minimal number of virtual elements needed along each dimension of the 2-D array aperture
based on the required dynamic range in the image. Anyhow, the total number of antennas will be
minimal by selecting equal number of elements in both transmit and receive arrays, thus reducing it
from N to 2@ .

In our case, with the typical application scenario consisting of a person standing in front of the
array aperture of 1 m azimuth and 2 m elevation, we require 30 dB dynamic range in the azimuth
plane, and 40 dB in the elevation plane, due to the larger dimension of human body in that
direction. This makes a number of 32 samples required on the azimuth plane and 100 samples along
the elevation plane. A conventional 2-D array would then require 3200 spatial samples or elements
that, if we consider the case with equal number of transmit and receive elements, with MIMO
technique can be reduced to about 114 elements, with 57 transmit and 57 receive antennas. For
convenience, we approximate this numbers to 60 transmit and 60 receive elements.
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2.5 Conclusions

In this chapter, generic radar specifications for the design of the UWB imaging systems have
been derived from functional requirements and discussed. The UWB imaging system is intended for
fast sensing of people flows at short distances. In the typical application scenario, the person under
test stands in front of the radar at a distance between 0.5 and 2 m, selected as the operational range
of the radar. Given its short operational range, the radar is required to emit low power (lower than
typical emissions from mobile phones, i.e. 1 W), in order not to raise any health issue.

A crucial requirement for fast operations is the data acquisition time, which should not exceed
the 2 s. An antenna aperture of size comparable with the human body was considered ideal in order
to entirely scan a person’s body at the same time, and thus we selected an antenna aperture of 2 m
in height and 1 m in width.

Particular attention was paid to minimization of cost and complexity of the electronics. For this,
use of UWB microwave technology is ideal, since it guarantees the centimeter down-range
resolution required for detection of targets attached to the human body, while at the same time it
helps reducing the cost and complexity of the overall system, when compared to current state-of-
the-art Imaging Systems working in the millimeter wave region. Furthermore, a cm resolution was
considered sufficient to provide enough details of the targets, without raising the privacy issues that
accompany millimeter wave imaging systems. For our specific design, we preliminarily selected a
frequency bandwidth of around 10 GHz, to achieve a down-range resolution between 1 and 2 cm.

As to the implementation of the radar front-end, the FMCW technology was selected as the more
convenient way to achieve a good SNR while keeping the cost and complexity of the electronics to
the minimum.

Use of an Multiple-Input-Multiple-Output (MIMO) antenna array was also considered crucial to
respect the above requirements, since a well-designed MIMO antenna array allows reducing the
number of antennas in the array without degrading its performance. A lower number of array
elements entails a lower cost and complexity in both the antenna system and the RF-electronics,
while reducing the amount of produced data and thus the required acquisition time and
computational power. Given the requirements of our design, we finally estimated a total number of

60 receive and 60 transmit elements for the MIMO antenna array.
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Chapter 3: Development of FMCW multi-
channel scheme

In this chapter, a more detailed explanation of design choices and tradeoffs for the selection of
the RF-scheme for the UWB FMCW radar is given. In the first paragraph, basic theoretical
concepts of FMCW radars are discussed. The second paragraph discusses the design choices and
tradeoffs concerning complexity of the multichannel receiver and its data acquisition time that were
made in order to arrive to a definitive choice of the RF-scheme. In the third paragraph, selection of
off-the-shelves RF-components for the selected RF-scheme is performed, and definitive selection of
number of receive channels and computation of data acquisition time for the optimal multichannel

RF-scheme are illustrated.

Transmit
Waveform antenna
generator RF amplifier
@ ™ RF waveform
L~
Radar Local
back-end oscillator
o % 1
N
A/D converter IF filter IF amplifier Mixer Receive
antenna

Figure 3.1: Homodyne FMCW radar front-end with separated transmit and receive antennas [17].
3.1 General description of homodyne FMCW radar block diagram

Before going into detailed design of the RF multichannel scheme, it is convenient to give some
theoretical concepts of FMCW radars.

An FMCW radar system produces a continuous wave signal which is frequency modulated over
a determined bandwidth. The basic ranging principle of FMCW radar consists in measuring the
frequency shift caused by the time delay of a reflected signal, when the transmitted signal is
frequency modulated by a periodic waveform.

In its simplest form, FMCW radar uses a homodyne receiver which requires a reference signal

directly coupled from the transmitter, to be mixed with the echo signal. As a matter of fact, the
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signal generated by the radar is split into two parts: a smaller part is allowed to pass into the LO
port of the mixer, where it is used as a reference signal for detection of echo signal, while the other,
larger portion of the generated signal passes out into the antenna and is transmitted. By mixing the
reference signal directly coupled from the transmitter with the echo signal, the receiver performs a
direct conversion from RF to zero-IF frequency, extracting the target information in only one
conversion stage. A typical FMCW radar front-end is shown in figure 3.1. The transmitted

waveform is represented by the equation
S, () = A, cos2rx f,t+27p(t)) (3. 1)

where Ay is the amplitude of the transmitted waveform, f is the starting frequency,
(1) = %ktz (3.2)

is the phase variation due to the frequency sweep, and k is the modulation rate.
The instantaneous frequency f(t) of the transmitted signal is then obtained by differentiating the

instantaneous phase with respect to time:

2
ft) = 1 dQ2x ft+ wkt”)
27 dt

=f,+kt (3.3)

Typically the modulation is linear in frequency, as shown in figure 3.2. This signal is also known
as a chirp, named after the sound a bird makes when it increases the pitch of its call over a short
period of time. The total time needed for the waveform to cover the entire frequency range B from

fo to fi is the sweep time Tiyeep.
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Figure 3.2: Linear chirp signal in time-domain (left) and frequency-domain (right).

The modulation rate k is thus represented as

- ) _ B (54

sweep sweep

After emission from a transmit antenna, the transmitted signal propagates into the air to a target
where part of it is reflected back towards the radar. The echo signal is thus an attenuated version of
the transmitted signal that is delayed by the time t needed for the waveform to travel the two-way

path between the target and the antenna, expressed as

2R (3.5)

where R represents the distance between the radar and the antenna, and c represents the propagation

velocity of the waveform. The received signal is then expressed as
s, () =A_cosrf,(t-7)+2mp(t- 7)) (3.6)

where Ay, the amplitude of the received signal, accounts for propagation losses, target reflectivity
and a variety of radar performance parameters.

At the mixer stage the received signal is multiplied with the reference signal that came into the
LO port of the mixer. This process produces sum and difference frequency terms. The sum
frequencies are in the order of twice the radar carrier frequency, and can be easily filtered out with a

low pass filter. The other term represents the difference frequencies between transmitted and
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received waveform, and is directly related to the time delay due to the two way path between radar

and target, and thus their distance. This difference term, also called beat signal, is represented as:

S (D) =5, (D ®s_(t)=A,_,cosQrf, r+2xktr-7k7?) (3.7)

The beat frequency is finally obtained by taking the first derivative of the phase:

2
¢ 1 d@rf,r+2zktr-7kz”) K B-z 2R-B (3 8)
= — =K-7T= = .
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Figure 3.3: Concept of beat frequency (left) and typical signals in FMCW radar (right).

In FMCW radar applications, targets are found by performing Fourier analysis on the mixer’s
output signal. Using a Fourier transform with a rectangular window of integration extending over a
time interval of length Ty, leads to the following representation of the power in the mixer output

signal:

(3.9)

2
Sin[ﬂ- (f_ fbeat ) Tsweep ]
T (f- fbeat )T

sweep

Sp(H =P, (

where f is the analysis frequency, and P. = 4,  is the power of the target echo. In terms of the

beat

standard radar equation, the target echo power P, can be written as:
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cG,G, A’
=P [W 3.1
AR [W] (3.10)

where Py is the transmitted power (W), o is the radar cross section of the target (m?), A is the

wavelength (m), R is the distance to target (m), and G, and G; are the transmit and receive antenna

gains respectively.
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Figure 3.4: Beat signal at mixer output due to single target.
3.2 Selection of the multi-channel RF-scheme

After discussion of the functional requirements and radar specifications in chapter 2, the next
step in the design of the UWB radar consists in the selection of an RF-scheme which minimizes
acquisition time and number of receive channels to keep a low complexity in the electronics. In
particular, acquisition time is an important parameter that characterizes the performance of the radar
system. In our application scenario, the UWB radar is used to quickly investigate people at mass

events, which requires an acquisition time in the order of seconds.

3.2.1 Tradeoff between data acquisition time and number of receive channels

In our design, the UWB Radar is supposed to be connected to an antenna array in a MIMO
configuration. A MIMO antenna system is made of multiple transmit and receive antennas, with
transmission and reception performed in the simplest case with one transmit and one receive
antenna at a time. For a MIMO array and the basic RF-scheme of figure 3.1 with one transmit and

one receive channel, the total acquisition time would then be equal to the sweep time of the YIG
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tuned oscillator, multiplied by the product of the number of transmit antennas with the number of
receive antennas. However, the acquisition time can be reduced by parallelizing reception with
multiple receive channels. Parallel transmission via multiple transmit channels would only be
feasible in case of transmission of orthogonal signals, but such approach would severely increase
the complexity of the electronics and is not considered. Thus in general the total acquisition time for

the multichannel RF-scheme can be computed as:

Tacq = NTX'( NRX j . Tsweep (3 13)

CH

where Ntx and Ngx are the number of transmitting and receiving antennas respectively, and Ny is
the number of receive channels.

As already mentioned in chapter 2, the antenna array of the UWB radar is supposed to be made
of 60 transmit and 60 receive antennas in a MIMO structure, and given this high number of
antennas, parallelization of reception via a multichannel receiver is necessary to keep the data
acquisition time within the specified requirement of a few seconds.

Selection of the optimal number of receive channels will be made based on the specifications of

available RF-components, and will be treated in the next paragraph.

3.2.2 Selection of commercial off-the shelves components and final selection of

number of receive channels.

After selection of the generic RF-scheme, the following step consists in finding the proper
components which satisfy the given requirements.

The basic FMCW scheme, with separated transmit and receive antennas, is shown in figure 3.1.
The waveform generator represents a key component for the performance of the radar. Typically, a
VCO (voltage controlled oscillator) is used to generate the FMCW signal, whose output frequency
is determined by the input voltage. Ideally the output frequency should increase linearly with the
input voltage, but in practice there are always deviations from the ideal case, as shown in figure 3.5.
The most noticeable effect of these deviations is a degradation of down-range resolution. As a
matter of fact, the generation of a non-linear frequency sweep results in a non-constant beat

frequency for targets at a constant range. The degraded range resolution can be estimated as
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Figure 3.5: Example of nonlinear frequency sweep and resulting beat frequency.

(3.11)

AR = \/(%)2 +(R-Lin)?

where Lin represents the linearity of the sweep, defined as the change in chirp slope, S=df/dt,

normalized to the minimum slope:

S = Suin) (3.12)

min

Lin =

Commercially available VCOs specify their linearity as the deviation of frequency versus input
voltage characteristic from the ideal straight-line case. YIG tuned oscillators have excellent linearity
characteristics, much better than that of typical VCOs, and are thus the optimal choice as signal
generator to reduce problems caused by nonlinearities.

For the sake of high down-range resolution, the UWB radar requires a large frequency band,
which was initially supposed to be in the 10-20 GHz range. After a survey of commercially
available components, it was not possible to find a proper combination of components within the
specified bandwidth to reproduce the RF-scheme, not without the use of multiple filters to adjust the

bandwidth. Instead, an RF-scheme working in the 6-18 GHz bandwidth has been considered more
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feasible, given the availability of a variety of devices, cables and connectors within that bandwidth.

Among these, we have selected the following components as blocks of our UWB sensor:

YIG-Tuned Oscillator (YTO), customized from model n. MLMH-0208, by Microlambda

Wireless:

e Frequency sweep: 3-9 GHz;

e Tuning speed: 80 us/GHz;

e Output power, min.: + 14 dBm min.;

e Harmonic level, min.: -15 dBc min.;

e Spurious output, min.: - 70 dBc;

e Phase Noise level, min.: =100 dBc/Hz @ 10 kHz offset and —120 dBc/Hz @ 100
kHz offset;

e Linearity: £ 0.25%;

The YTO is controlled by means of a driver, a separate device which transforms the tuning
voltage into current. For the sake of fast acquisition time, we preferred to select a combination of a
fast sweep 3-9 GHz YTO and frequency doubler to produce the 6-18 GHz chirp signal, due to the
fact that commercially available YTOs working in the 6-18 GHz band have sweep speeds of around

1 ms/GHz.

N. of receive channels 1 2 3 4 5 6 | 10 | 12 | 15 | 20 | 30 | 60
Acquisition time (s) 1,7310,860,580,43|0,35|0,29|0,17{0,14|0,12|0,09| 0,06 | 0,03
Table 3.1: Relationship between number of receive channels and total acquisition time.

With the selected YTO, one sweep is performed in less than 500 us, which allows achieving a
total acquisition time within a few seconds with a relatively low number of receive channels. In
table 3.1, is reported for different numbers of receive channels the total acquisition time for the
selected MIMO antenna array, with 60 transmit and 60 receive elements, computed with formula
(3.13), with one transmission channel and a 500 ps sweep time.

Given the requirement on acquisition time of 2 s, even a single channel receiver would be

enough. However, for the sake of an enhanced quality of the gathered data, a higher number of
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channels is preferred, as it allows performing repetitive measurements of the same target over the

required acquisition time of 2 s, thus improving the SNR, as it will be shown in section 4.4.

A receiver with 10 channels is considered a good compromise between speed, complexity of the

receiver and quality of the data: the fast acquisition time (0.17 s per measurement) allows gathering

10 full data-sets for a total acquisition time of 1.7 s, and is thus selected for the RF-scheme.

Apart from the YIG VCO, the other components selected for the RF multichannel scheme are:

- Frequency Doubler FDMP20401 by Teledyne Cougar:

Input frequency range: 2-10 GHz;

Output frequency range: 4-20 GHz;

Conversion Loss: 10.5 dB typ., 12 dB max.;
Suppression fundamental frequency: 32 dBc typ.;
Suppression 3" harmonics: 38 dBc typ.;

Input power: 10 dBm nominal, 23 dBm max (@ 25°);

- Power amplifier AML618P2301 by AML-Microsemi:

RF bandwidth: 6-18 GHz;

Gain: 26 dB, min.;

Output P1dB: 30 dBm min.;
Input/Output VSWR: 2.0:1, nominal;

- Directional Coupler CD-602-183-20S-R by Miteq:

RF bandwidth: 6-18 GHz

Coupling: 10 dB (Coupling loss: 0.46 dB)
Insertion Loss: 1.2 dB

Peak Power: 1 W.

VSWR: 1.4:1

Now, since each RF-scheme has 10 channels, the LO reference signal coming out from the

coupler has to be split over 10 branches, and amplified in order to be used by each channel. This
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can be accomplished with the use of a power splitter and 10 power amplifiers. Selected models for

our scheme are the following:

- 10-way Power Divider, model n. PS10-11, by Microwave Communications Laboratories, Inc.:

Industries, Inc.:

e Frequency range: 6-18 GHz;
e Coupling Loss: 10 dB, nom.;
e Insertion Loss: 3.8 dB, min.;
e Jsolation: 10 dB, min.;

e VSWR input: 2.0:1, max.;

e VSWR output: 1.9:1, max.;

- Power Amplifier, model n. A2CP18629, by Teledyne Cougar:
e RF bandwidth: 6-18 GHz;
e Gain: 15 dB typ.;
e Output P1dB: 28.5 dBm min.;
e Input/Output VSWR: 2.0:1, nominal;

For each receive channel, the following RF-components are selected:

- Low Noise Amplifier, model n. CBL06182825, by Cernex, Inc.:
e RF bandwidth: 6-18 GHz;
e (Gain: 28 dB;
e Noise Figure: 2.5 dB;
e Output P1dB: 15 dBm;
e VSWR:2.0:1.

- IQ Mixer model n. IRM0618HC2Q, by MITEQ:
e RF bandwidth: 6-18 GHz
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e IF bandwidth: DC-500 MHz;

e Conversion Loss: 12 dB typical, 13 dB max;
e RF to LO isolation: 18 dB typ., 20 dB max;
e Noise Figure: 10.5 dB;

e Input P1dB: 15 dBm;

e VSWR:2.0:1.

At both transmit and receive side, the 60 elements antenna array is supposed to be connected to
the RF-system via a switching system. For this purpose, the best solution consists in a switching
system with one SP6T switch and 6 SP10T switches at transmit side, and a single SP6T switch for
each receive channel, as it is shown in figure 3.7. Among the commercially available 6-18 GHz RF-

switches, we selected the following models:

- Switch SP6T by G.T. Microwave:
e RF bandwidth: 6-18 GHz;
e Insertion Loss: 2.6 dB (reflective) or 3 dB (absorptive);
e Isolation: 60 dB;
e Switching time 1 ps;
e Input power: 30 dBm max;

e VSWR 2.0:1 max.;

- Switch SP10T by Herley General Microwave:
e RF bandwidth: 6-18 GHz;
e Insertion Loss: 4.3 dB (6-12 GHz) or 5.6 dB (12-18 GHz) max.
e Isolation: 70 dB;
e Switching time 700 ns max.;
e Input power: 0.6 W max. (27.78 dBm);
e VSWR 2.0:1 max.;
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For the sake of thoroughness, the total switching time required to gather data for every
combination of transmit and receive elements is also estimated.
At reception, for each transmit antenna, the receiver’s switches will have to switch 5 times in

order to receive with all the 60 receive antennas. Receive switching time is thus:
Tvitn 1% = 60-5+( T, sper ) [S] (3.14)

which makes a total of 50 ps, to be added to the acquisition time of a single measurement.

At transmission, for each position of the receive switches, transmitting sequentially with each
transmit element will require the SP6T element to switch 5 times, while for every position of the
SP6T switch, the downstream SP10T switches will switch 9 times each, thus making the total

switch time at transmission equal to
Toviten_mx =35 |:5 : (Tswitch7$P6T ) +5-(9- Togiien spior )J [s] (3. 1 5)

which makes a total of 182.5 us to be added to the acquisition time of a single measurement.
Total switching time is simply the sum of receive and transmit switching times, 232.5 ps, which

is 3 orders of magnitude lower than the 170 ms data acquisition time of a single measurement, and

is thus negligible.
output P1dB = 30 dBm
Y1G-tuned oscillator | +14 dBm | Frequency | +3.5dBm |Power Amplifier | +29.5 dBm +27.84 dBm | Tx switches +19.24 dBm
3-8 GHz Doubler L L 86 ds L »
Gain=26dB .
10 dB coupler TX Antennas
+19.5 dBm Power Amplifier +4.5 dBm 10-way +18.3 dBm
Gain=15dB | Power Divider
LNA 6-18 GHz Rx switches RX Antennas
1Q Mixer ¢ Gain = 28 dB IL=3dB

P

1Q beat signals

Figure 3.6: RF-scheme with selected components' specifications. For simplicity, only one of the 10
receive channels is reported here.
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3.3 Conclusions

In this chapter, the criteria and the tradeoffs followed for the final selection of the FMCW
multichannel RF-scheme have been presented.

In the first paragraph, it was simply presented the set of fundamental concepts of FMCW radars,
with particular attention to the homodyne architecture, which was selected for our design because of
its simplicity.

Optimization of the RF-electronics in terms of number of channels and achieved data acquisition
time was performed based on the number of transmit and receive elements in the MIMO array
estimated in chapter 2, and the availability of commercial off-the-shelves RF-components, used to
keep the cost to the minimum.

After a survey of commercially available RF-components, the final choice consists of a 6-18
GHz multi-channel RF-scheme with a single transmit channel and 10 parallel receive channels, with
the chirp signal generated by a combination of a fast sweep YTO working in the 3-9 GHz band,
followed by a frequency doubler which generates the required 6-18 GHz chirp signal.

The RF-scheme is connected to the antenna array via a series of switches, allowing to use any
combination of transmit and receive antennas for the acquisition of a full dataset.

The final RF-scheme is characterized by a data acquisition time of 0.17 s, while the total
switching time required for each full data-set acquisition is about 1000 times less and thus
negligible. Such a low data acquisition time is a very good result, and allows gathering 10 full

datasets in a total of 1.7 s.
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Chapter 4: FMCW performance analysis

In this chapter, the performance of the selected RF-scheme is evaluated. In the first paragraph, a
power analysis is performed; the strongest reflection from a target at minimal operational distance is
estimated, in order to investigate the saturation point of the receiver. In the second paragraph, a
noise analysis for the RF-scheme is performed. The noise floor of the receiver is estimated, and
influence of phase noise on total noise power is also investigated. In the third paragraph, the power
budget and dynamic range at the receiver input are estimated. In the fourth paragraph, a

detectability analysis of typical targets and analysis of SNR are performed.

4.1 Power Analysis

A proper radar design requires knowledge of the received power from the target signal. In our
typical scenario, where the UWB sensor is used to quickly investigate flows of people at mass
events, the person under test stands in front of the sensor at a minimal distance of 0.5 m. The
stronger received signal will probably be the direct coupling between transmit and receive antennas.
Antenna coupling represents a direct signal between transmit and receive antennas, whose
magnitude and duration depends on both the type of antenna elements and their configuration. For a
FMCW signal, where transmission and reception are performed together, antenna coupling could
cause saturation of the receiver and thus hide reflections from targets. It is thus necessary to
guarantee that the coupling levels don’t exceed the saturation point in the receiver. Then, if the
coupled signals can be separated from target responses in the range profiles of each transmit/receive
pair within the array, their influence in the resulting image will be minimal. On the other hand, if
element coupling and target responses are overlapped, the dynamic range of the imaging system
could be significantly reduced.

A possible way to reduce antenna coupling could be the use of transmit and receive antennas
with orthogonal polarizations. In this way, direct coupling between each transmit and receive
element would be reduced, as the direct signal will have a different polarization than receive
antenna. Use of absorbers to decrease the amount of leaking signal is also foreseen to reduce the
problem. In any case, coupling compensation should be performed, by measuring the amount of
antenna coupling for each transmit/receive pair before-hand, and successively subtract it from the

acquired target data.
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In addition, other possibly strong signals could be originated by background reflections, but
theoretically, if situations with strong reflectors in the vicinity of the radar are avoided, their
contribution should be lower than reflections from actual target, and thus could be measured during

calibration at the spot and compensated via background subtraction.

Comparigon of RCS of human body, metal plate, gun and knife, measured in DUCAT

Propagation loss due to reflection from targets at 0.5 m distance

Hurnan Body
Ietal Plate
Gun

Propagation loss [dB]

Figure 4.1: a) Estimated reflectivity of human body and metal plate compared with more precise
estimation of RCS of a handgun and a knife; b) Propagation loss due to reflection of Human Body
at 0.5 m distance.

Thus, if we assume a careful MIMO array design and a well-done calibration procedure, we'll
suppose here that the stronger signal comes from a human body at 0.5 m, so the knowledge of the
radar cross section (RCS) or the reflectivity of a human body in the 6-18 GHz bandwidth is
required.

The reflectivity of a human body has been estimated via near-field measurements in DUCAT,
and the measurement setup and the estimation procedure are illustrated in Appendix A. As it can be
seen from figure 4.1 (a), the highest estimated value of human body reflectivity is about 0.5 m”.

Propagation losses in free space associated with the target signal can be then estimated by using

the radar range equation:

—10logfo S8 (L (4.1)

L
free space 4 T 4 v/ Rthrx

where 6 is the RCS of the target; G; and G; are the gains of the transmitting and receiving antennas
respectively, and are considered here to be both 6 dBi; A indicates the wavelength; R and Ry
represent the distance between the transmit antenna and the target and between the target and the

receive antenna respectively. The resulting propagation loss due to reflection from human body at
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minimal operational distance of 0.5 m over the 6-18 GHz operational band is shown in figure 4.1
(b). By using the peak value of measured reflectivity, the lowest propagation loss in free space is
estimated as -40.5 dB.

Next, we can estimate the maximum power at the receiver input, by simply summing this value
to the signal power delivered to the transmit antennas. The YTO provides a 3-9 GHz signal with an
output power of + 14 dBm, which is then frequency doubled to achieve a 6-18 GHz signal with 3.5
dBm output. The power amplifier increases the signal power to 29.5 dBm. A directional coupler
with coupling factor of 10 dB (which means 0.46 dB of coupling loss) and insertion loss of 1.2 dB,
allows part of this power to go to the mixer as a reference signal (19.3 dBm), while 27.8 dBm are
still available for transmission. However, the use of SP6T and SP10T switches with total insertion
loss of 8.6 dB, and of about 1 m long RF-cables (with 1 dB attenuation) to connect the transmitter
to the antenna array, further reduces the power delivered to the antenna array to 18.2 dBm.

Signal power at the receiver input will then be given by the sum of the output power (which is a
positive quantity) and the propagation loss (negative):

Pr = Pout+L [dB] (42)

free_space

The maximum allowed power at receiver input in our homodyne scheme mainly depends on the
specification of the LNA and the mixer. Indeed, the maximum power allowed at LNA input is given

by:

P, =P1dB, -G, =15-28=-13 [dBm] (4.3)

If we also take into account the insertion loss of 3 dB due to the SP6T switches connecting the
RF-board to the antenna array, and the 1 dB attenuation due to the 1 m long RF-cable, the
maximum received power at the antenna, which causes saturation of the receiver, is -9 dBm. The
maximum estimated signal arriving at the antenna is

P =P

r_max out

+L =18.2-40.5=-22.3 [dBm] (4.4)

free_space_human_body

The maximum estimated signal is thus 13.3 dB lower than the saturation point of the receiver.
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4.2 Noise Analysis

One of the most important characteristics which determines the radar performance is its signal-
to-noise ratio or SNR, which quantifies how much a signal has been corrupted by noise. For an

FMCW radar, it is defined as the ratio between received power and noise power:
SNR = % [W] (4.5)

The total noise power N has different contributions, namely thermal noise, phase noise (or FM
noise, from Frequency Modulation) and Amplitude Modulation (AM) noise.

The thermal noise is generated by the random thermal motion of charge carriers inside an electric
conductor. For a radar system, it is thermal noise generated by the receiver electronics that matters.
The degradation of SNR in a receiver due to this thermal noise can be described by its noise factor

F or the noise figure NF:

F= SNRinput (46)
SNRoutput
SNR.
NF =10-log,, [S—‘"putjzw-logm (F) (4.7)
output

where SNR;,. and SNR,¢pu represent SNR at receiver’s input and output, respectively.
The thermal noise power due to environmental temperature alone and measured at receiver’s

input is defined as:

N, =k BT, [W] (4.8)

where k = 1.38:102 J/K is the Boltzmann’s constant, B is the operational bandwidth of the radar,
and T, is the ambient temperature of 290 K. For the 12 GHz operational bandwidth, the thermal
noise power due to environmental temperature is -73.2 dBm.

Overall noise power takes into account also the thermal noise due to receiver’s electronics. Our
receiver consists of LNA with noise figure NFina = 2.5 dB and gain Gina = 28 dB, and a mixer

with NFyix = 10.5 dB. The RF-port is supposed to be connected to the antenna array via a series of
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SP6T switches with 3 dB insertion loss, and about 1 m long RF-cable with 1 dB attenuation, which
means NFgw = 4 dB and Ggw = -4 dB.

The overall receiver’s noise factor can be computed with the Friis Formula for cascaded devices:

Fina-1 N Fvix-1 (4_9)
Gsw  Gsw-Gina

F = Fswt+

where all terms are numeric ratios and are not in dB. The overall noise figure for a cascade,

expressed in dB is simply
NF=10-log,,(F) [dB] (4.10)

Another important characteristic of a radar receiver is its noise temperature, which is computed

as:
Ty =(F-1)-T, [K] (4.11)

For the selected components the noise figure equals 6.5 dB, which gives a noise temperature of
1017.2 K. Note that the gain of LNA compensates for the high noise figure of mixer.
From this, the thermal noise power generated by the receiver’s electronic and measured at

receiver’s input can be computed as:
Ny, =k-B- Ty [W] (4.12)

where k = 1.38-102 J/K is the Boltzmann’s constant, B is the operational bandwidth of the radar,
and Ty is the noise temperature computed above. The thermal noise power generated by the
receiver’s electronic is thus -67.7 dBm.

The total noise power at the receiver’s input can finally be determined as:
NRX_in =N, + Ny, :k'B'(TN+To):k'B'F'To [W] (4'13)

which in this case is -66.7 dBm.
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However, in a FMCW Radar, the effect of noise on the received signal is better evaluated at
mixer’s output, where the time domain beat frequency signal is transformed in the frequency
domain via FFT for analysis. This operation essentially consists in band pass-filtering the beat
signal with a bandwidth By = 1/Tsweep, and it spreads the noise power over all the available range
bins, consequently increasing the SNR by a factor equal to the time-bandwidth product of the
frequency modulated signal, B-Tyecp.

Therefore, the total noise power at receiver’s output can be computed via:

k-F-T-
N =k-F-B,, T, Gpye :ﬂ

RX out_FFT

[W] (4.14)

sweep
where Grgc represents the total gain of the receiver:

GREC = Gswitch ’ GLNA : Gmixer (4 15)

From this, noise power at receiver’s output is -122.5 dBm.
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RF amplifier
@ >
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Strong target reflection

FMCW signal

Phase Noise PSD

Small target masked by
Phase Noise of stronger
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leakage

Beat signal .
Thermal noise
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RF low noise amplifier Toin 7 Sy

(a) (b)
Figure 4.2: a) Typical phase noise contributions of an FMCW radar [17]; b) Example of signal
affected by phase noise.

4.2.1 Phase noise estimation

Anyhow, the noise level in an FMCW receiver is often higher than expected from thermal noise
alone, due to phase (or frequency modulation, FM) noise and amplitude modulation (AM) noise.

Phase noise is a measurement of phase and frequency perturbations added to the input signals by
the receiver’s frequency-conversion oscillators. The effect of phase noise is that after the down-

mixing stage of the receiver, the signal power is spread to adjacent frequencies in the synthesized
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range profiles, resulting in noise sidebands that degrade the receiver’s sensitivity, possibly
obscuring weaker echoes, as shown in figure 4.2 (b).

However, the frequency of the received signal is partially correlated with the transmitted
frequency. The level of correlation decreases over time (decreases with increasing leaking signal
path delay). The net effect is that the transmitter phase noise must be weighted by a correlation

factor, estimated as:
Cph:4(Sin(7[ fbeat Td ))2 (4 1 6)

where f,e 1s the beat frequency and Ty is the time delay between the LO and the reflection

causing the phase noise.

Correlation Coefiicient of phase noise, with path lenght diference of 2 m " Correlation Coefficient of phase noise, with target range of 1 m

Comelation Coeficient [6]

Carrelation Coefficient [dB]
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(a) (b)
Figure 4.3: a) correlation coefficient vs beat frequency; b) correlation coefficient vs time delay (b).

In a dual antenna FMCW radar, phase noise is mainly caused by signals coupled from the
transmit channel into the receive channel, like LO mixer leakage or antenna cross-talk, and by
strong reflections at a short distance from the receiver. Phase noise typically decreases with 6 dB
per octave.

AM noise levels are typically much lower than FM noise, but their decay is slower (3
dB/octave). In addition, AM noise doesn’t have a correlation effect like FM noise.

In the following pages, the influence of phase noise on total noise at receiver’s output is
investigated.

The YTO by Microlambda Wireless selected for the UWB radar only specifies a phase noise

value representing the combined effects of FM and AM noise, and thus we could only estimate their
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combined contribution on total noise in the receiver. The manufacturer of the YTO specifies a
single sideband phase noise density w.r.t. the carrier of -120 dBc/Hz, at 100 KHz offset.

Minimum beat frequency of interest, corresponding to the minimal target range of 0.5 m, is 80
KHz, and using the 6 dB/octave decay of phase noise, we can estimate it as -117.6 dBc/Hz at 80
KHz offset. Maximum beat frequency of interest, corresponding to the maximum target range of 2
m, is 320 KHz, and using the 6 dB/octave decay of phase noise, we can estimate it as -129.6
dBc/Hz at 320 KHz offset.

Furthermore, use of a frequency multiplier will degrade the phase noise of the YTO by a factor
equal to 20-log(N), where N represents its multiplication factor. In our case, with N=2, degradation
of noise floor is about 6 dB, which is accounted in the following computation of each phase noise

contribution.

Phase noise due to antenna cross-talk

- P S Cam ) GREC

ant

[W] (4.17)

sweep ~ant

. S )\
C, =4|sin| 7-f  -—= (4.18)
C

where

Py =18.2 dBm (power driven to TX antenna);

Se = -123.6 dBc/Hz (-129.6 dBc/Hz at 320 KHz offset, plus 6 dB degradation due to frequency
multiplication);

Cant = phase noise correlation coefficient for antenna cross-talk;

GrEc = total receiver Gain;

L. = 1solation between transmit and receive antennas;

Tsweep = 500 pis;

dant = path length difference between source-to-LO mixer port and source-to-tx-antenna-to-rx-
antenna-to-RF port mixer (m) (grey path in fig. 4.2 (a));

¢ = speed of light, 3x10®* m/s

Based on [5], we assume here an isolation of at least 25 dB between each transmit/receive

antenna pair, and assume the target at maximum operational range of 2 m; for d,,, we have to
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consider that maximum antenna coupling occurs for the minimal separation between transmit and
receive antenna. For our MIMO array, we could estimate such distance as maximum 5 cm, not
more.

Furthermore, by careful design of the different path lengths along the RF-board, it is possible to
reduce the time delay between direct and leaking signal, thus increasing the correlation factor and
reducing the effect of phase noise: if we consider about 1 m long RF-cables to connect radar front-
end to antenna system, we would have then a total of 2.05 m between the coupler output and the
mixer RF-input via antenna cross-talk; then if the path length between coupler’s output at transmit
side and the LO input of the mixer is also set to the same length, we can assume a 0,y of a few cm.
In this case, the phase noise due to antenna cross talk is estimated as -154.8 dBm, which is much

lower than receiver noise of -122.5 dBm and its influence can be considered negligible.

Phase noise due to mixer LO leakage

2
R Ll "So Chi* Grec
mix 1 T L L

sweep ’ cpl,f '

. 5.\
Cmix =4|sin| 7~ fbeat. e (420)
|4

_P.

[W] (4.19)

mix,iso

where

Py =29.5 dBm (power at coupler’s input);

Se =-123.6 dBc/Hz (-129.6 dBc/Hz at 320 KHz offset, plus 6 dB degradation due to frequency
multiplication);

Lcpl,r= 10 dB (coupling factor);

Liixiso= 20 dB (mixer LO-to-RF isolation);

Cuix = phase noise correlation coefficient mixer;

Omix = path length difference between source-to-LO mixer port and source-via-mixer-to-rx-
antenna-to-RF port mixer (m) (red path in fig. 4.2 (a));

v = propagation velocity of electromagnetic waves in coaxial cables, 2.3x10® m/s (corresponding

to 76.6 % velocity factor).
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For the worst case scenario, we assume the target at maximum operational range of 2 m; for &y,
we have to consider two-way distance between mixer and farthest receive antenna, which includes 1
m long RF-cable plus distance from center point of the 1x2m array to one of the corners, which we
could also assume about 1 m long. The total two way path length 6,,;x would then be at most 4 m.
We assume here the leaking signal is not attenuated in its passage from output to input port of LNA
(see red path in fig. 4.2 (a)), due to lack of information, although some attenuation is to be expected
from realistic case.

In this case the maximum phase noise due to mixer LO leakage is estimated as -102.4 dBm,

which is 26 dB higher than receiver noise and increases the total noise floor to -102.4 dBm.

An additional phase noise contribution due to mixer leakage is due to signal leaking from LO-
port of the mixer to its RF-port, and finally converted to IF output. In this case the path length
difference O,,ix between direct and leaked signal correspond to the internal path of the mixer, which

1s estimated as 2 cm.

— Pt.StD.C
mix2 T

sweep

mix2 Gmix 421
L [W] (421)

mix,iso

In this case, the highest contribution is obtained for the higher expected beat frequency (320
KHz), and is estimated as -145.9 dBm.

Phase noise due short-range object

PG, G, A% O ° Se Cobj' Grec

N. =2 \'Y 4.22
! (47[)3 : chl,i : R4 : Tsweep [ ] ( )
. 2R)Y
Cobj =4|sin| 7-f,-— (4.23)
c
where

Se = -111.6 dBc/Hz (-117.6 dBc/Hz at 80 KHz offset, plus 6 dB degradation due to frequency
multiplication);

Gix = 6 dBi (transmit antenna gain);

Gix = 6 dBi (receive antenna gain);

A = wavelength (m);
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Lcp1; = mainline loss of coupler (insertion loss + coupling loss)
Gobj = Object radar cross section (m?)

Cobj = phase noise correlation coefficient short-range object;

For the worst case scenario, we assume a target with 1 m* RCS at minimal operational range of
0.5 m (80 KHz beat frequency), and we use the highest wavelength in the operational bandwidth,
corresponding to 5 cm (6 GHz). The maximum phase noise due to short-range object is estimated as
-149.8 dBm.

Finally, we can estimate the influence of phase noise on total noise power at IF output by simple
summation of each contribution.

In the following graphs, we estimated total noise power at mixer’s output as a function of range
to target. In figure 4.4 (a), the different phase noise contributions are reported for their maximum
path length differences 8, and Onix, While the target range varies between 0.1 and 2.5 m, while
figure 4.4 (b) compares the total phase noise with receiver noise and total noise power.

In conclusion, total phase noise, whose strongest contribution is given by signal leaking from LO
port to-rx-antenna-to-RF port mixer (red path in fig. 4.2 (a)), in the worst case scenario increases

total noise power by about 20 dB, for a total of 102.4 dBm.

Phase noise contributions at mixer IF output, with maximal path lenght difference . Total noise spectral density at mixer IF output, with maximal path lenght difference
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Figure 4.4: a) Phase noise contributions and b) comparison of total phase noise with thermal noise
and total noise power vs. range.
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4.3 Power Budget and Dynamic Range

The power budget is a characteristic of the radar that accounts for the transmitted power and

noise floor of the receiver, and, as such, it defines the acceptable propagation loss of signal power:

PowerBudget = P (4'24)
MDS

where P; represents signal power driven to the transmit antenna and MDS is the minimum
detectable signal. Antenna gain is included into total propagation loss so it is omitted here. Our
scheme drives 18.2 dBm of signal power into the transmit antenna, while minimum detectable
signal is assumed to be 10 dB higher than noise floor. Then power budget is 110.6 dB at receiver
output.

Dynamic Range is an important characteristic of the receiver that defines the range of received
power within which the output power depends linearly on the input power. Dynamic Range can be

determined at the receiver input in the following way:

DynamicRange = P1dB- Gixa- Gsw- Ly~ Nyy o = PNy [dB] (4.25)

cable ~ sat

where P1dB is the least 1 dB compression point between LNA (output) and mixer (input). Pgy
indicates the amount of input power which causes a 1 dB compression of the mixer's output.

In our case both the mixer and the LNA have a P1dB of 15 dB, which gives a Py, = -9 dBm and
a dynamic range at receiver’s input of 57.7 dB.

Since both the power budget and the dynamic range depend on noise power they can be
improved by signal processing, in particular by averaging which reduces the noise. Furthermore,
FMCW signal processing is based on FFT that spreads the noise power over large frequency band
and can be interpreted as averaging.

Actually, it makes more sense in our case to estimate the dynamic range at IF output, after FFT
processing. At this stage, the dynamic range can be simply estimated as:

DynamicRange,; .., =P1dB, s o~ Goix- Nix o =15—-12—-(-102.4) =105.4 [dB] (4.26)

mix
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4.4 Detectability Analysis

The estimation of detection capability of our RF-scheme requires computation of the power
reflected from typical targets, such as a gun and a knife, at the maximum operational distance of 2
m.

The RCS of the gun and the knife were measured in the TU Delft's Anechoic Chamber
(DUCAT), and the measurement setup and data processing are described in Appendix A. The
measured RCS values are used to compute the received power, which is then compared to the total
receiver noise to verify if the receiver is able to detect the targets. Given a maximum transmitted

power of 18.2 dBm, the received power due to the target's reflection can be computed as:

cG,G, A’
Pr = Pt m (427)

where o represents the RCS values measured in DUCAT. Transmit and receive gains are
considered to be 6 dBi. The results over the 6-18 GHz bandwidth for target distance of 2 m and 1.5
m are shown in figures 4.5 (a) and 4.6 (a) respectively, where the noise power at receiver’s input of
-66.7 dBm is also depicted as a detectability threshold, while figures 4.5 (b) and 4.6 (b) represents
the computed SNR at 2 m and 1.5 m respectively

At the maximum operational distance of 2 m, both targets show an acceptable SNR over the
whole 6-18 operational frequency band. For the gun, the SNR at receiver input is between 17.5 and
-0.3 dB, with an average SNR of 10.1 dB over the 6-18 GHz operational bandwidth, while for the
knife the SNR varies between 5.6 and 14.7 dB, with an average SNR of 10.3 dB. Since reliable
detection of radar echoes requires Signal-to-Noise Ratios in excess of 10 dB, we can say that the
radar should be able to detect such targets at the maximum operational distance, based on their
single-measurement SNR averaged over the 6-18 GHz band, although at higher frequencies (from
12 GHz) their SNR is constantly below the desired 10 dB.

Although detection of such target at the maximum operational distance of 2 m seems to be
validated by their average SNR, in some cases it could be necessary to reduce their distance to 1.5
m, which would increase both the average and the minimal SNR by 5 dB, , as shown in table 4.1,
and ensure a better detection capability. In any case, detection capability of the radar will be
investigated also via simulation of the RF-scheme with ADS, and final decision on maximum

operational distance will be made based also on the results presented in chapter 5.
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Received power at RX input due to reflections fram human body and typical targets SNR at RX input due to reflections from typical targets at 2 m distance
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Figure 4.5: a) Received power due to reflection of typical targets at 2 m distance, compared with
estimated reflections from human body at 0.5 m distance; b) measured Signal-to-Noise ratio due to
reflections of typical targets at 2 m distance.

Received power &t RX input dus to reflections from human body and typical targets SNR at R¥ input due to reflections from typical targets t 1.5 m distance

Received Power [dBm]

Human Body at 0.5 m
Gunat15m

Knife at 1.5 m

Noise floor

a0 H

g0
B

g 10 12 14 16 18 B 8 10

12 14 16 18
Fraguency [GHz]

Frequency [GHz]

(@ (b)
Figure 4.6: a) Received power due to reflection of typical targets at 1.5 m distance, compared with

estimated reflections from human body at 0.5 m distance; b) measured Signal-to-Noise ratio due to
reflections of typical targets at 1.5 m distance.

Target Distance (m) SNR min (dB) | SNR max (dB) SNR average (dB)
1 11.8 29.6 22.2
Handgun 1.5 4.7 22.5 15.1
-0.3 17.5 10.1
1 17.6 26.8 22.3
Knife 1.5 10.6 19.7 15.3
2 5.6 14.7 10.3

Table 4.1: SNR of typical targets at different distances.

Furthermore, actual detection is performed at signal processing stage, and the SNR at the
receiver input can still be improved by acquisition and sequential averaging of a number of sweeps.

We can define the Improvement Factor as
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IF =10log,, (Nav) [dB] (4'28)

where N,, is the number of averages or sweeps, practically representing the number of repetitive
measurements of the same target. Given a full-dataset acquisition time of 0.17 s, we could consider
10 measurements, for a total acquisition time of 1.7 s, which improves the SNR of 10 dB.

These values can be added to power budget and dynamic range that gives 120.6 dB and 115.4 dB

respectively.

4.5 Conclusions

In this chapter a mathematical analysis of the performance of the selected multi-channel RF-
scheme has been presented.

The power analysis shows that the output power at the transmitter side is about 18.2 dBm, and
the designed radar can thus be considered a low power system. The mathematical analysis of the
receiver side, characterized by a saturation point of -9 dBm at receiver’s input, demonstrates that
the stronger estimated signal at receiver’s input, assumed to be due to reflection from human body
at 0.5 m distance from the radar, is -22.3 dBm, and it doesn’t saturate the receiver.

The noise analysis shows that the receiver has a noise figure of 6.5 dB, while the noise floor is
estimated as -66.7 dBm at receiver’s input, and -102.4 dBm at receiver output. Phase noise due to
the combination of antenna crosstalk, mixer LO leakage and short-range targets was also estimated,
and it has a considerable effect on noise power at IF output, increasing it from -122.5 to -102.4
dBm.

The power budget of the selected RF-scheme is 110.6 dB at receiver output, while its dynamic
range was computed as 57.7 dB at the receiver input and 105.4 dB at receiver output after FFT.

The detectability analysis of typical targets like a handgun and a knife showed an acceptable
average SNR of 10.1 dB for the gun and 10.3 dB for the knife when the targets are at 2 m distance
from the radar. Although detection of such target at the maximum operational distance of 2 m
seems to be validated by their SNR averaged over the 6-18 GHz band, in some cases it could be
necessary to reduce their distance to 1.5 m to ensure a better detection capability. In any case, final
selection of maximum operational range will be also based on results of ADS simulations, and is

thus postponed to the next chapter.
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Chapter 5: Simulation of the RF-scheme
with ADS

In this chapter are presented the procedure and the results of the simulations of the basic RF-
scheme for the UWB FMCW Radar Imaging system for concealed weapon detection, using
Advanced Design System (ADS™) software.

For simplicity, we set-up a model reproducing the single-receive channel version of the RF-
scheme discussed in the previous chapters, with the 6-18 GHz chirp signal generated by the
combination of a 3-9 GHz YTO and frequency doubler. The signal power has been adjusted in
order to replicate the expected signal power in each channel for the multichannel RF-scheme. As a
consequence, the results of the simulations of the single channel receiver correspond to the results
that would have been obtained for each channel of the selected 10-channel receiver.

In the first paragraph, a brief overview of ADS is given, explaining the type of simulation
performed to evaluate the performance of the RF-scheme. Section 5.2 illustrates the objectives of
the simulations and briefly explains which performance parameters have been evaluated through
simulations. Section 5.3 illustrates in more depth the modeling process of the RF-schemes to be
simulated. In section 5.4, the set-up of the simulation is explained. Section 5.5 gives the simulation
results for the investigation on the influence of the harmonics generated by the RF-electronics at
beat signal stage, together with solutions to decrease their effect. In section 5.6 a detectability
analysis of the weakest estimated targets over the background of human body reflection is
presented, while paragraph 5.7 presents the results on the investigation of down-range resolution
obtained by the RF-schemes selected in paragraph 5.5. Section 5.8 simply gives the amplitude
characteristics of the receiver, showing that strongest and weakest estimated received signals are

within the linear characteristics of the receiver.
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5.1 Brief overview of ADS

ADS is a software package which enables to simulate circuits and RF systems designed for
specific objectives. ADS provides many types of simulators, including DC, AC, S-parameter,
Harmonic Balance, Circuit Envelope, Transient and RF-Budget simulations. For our purposes, only
one of these types of simulations has been used for this thesis report, namely Circuit Envelope
simulations.

The Circuit Envelope simulator simulates high-frequency amplifiers, mixers, oscillators, and
subsystems that involve transient or modulated RF signals. Circuit Envelope is highly efficient in
analyzing circuits with digitally modulated signals, because the transient simulation takes place
only around the carrier and its harmonics.

Circuit Envelope simulation uses a combination of time- and frequency-domain analysis
techniques, providing a fast and complete analysis of complex signals such as digitally modulated
RF signals. In practice, this simulator permits input waveforms to be represented in the frequency
domain as RF carriers, with modulation “envelopes” that are represented in the time domain. For

more information about Circuit Envelope simulations, the reader is referred to [29].
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Figure 5.1: Modulated signal in the time-domain [29].
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5.2 Objectives of the simulations

Simulations in ADS were performed with the purpose of investigating the influence of
harmonics generated by the RF-electronics on the beat signal at receiver’s output. The combination
of YTO and frequency doubler, used to generate the desired 6-18 GHz chirp signal, also generates
harmonics that could be interpreted as additional targets at the beat signal stage. The main objective
of the simulations presented in this chapter is to estimate the level of these extra beat frequencies
with respect to the fundamental beat signal, in order to speculate on maximum 2" harmonic level
required at the generator to achieve a harmonics-free beat signal and, if necessary, to investigate
alternative solutions to suppress their influence at beat signal stage when simulating realistic circuit.
As it will be shown later in this chapter, an octave band RF-scheme using a 9-18 GHz chirp signal
was also simulated as an alternative to the main multi-octave band RF-scheme, in order to show the
difference in harmonic influence between the two cases.

Important properties of the RF-scheme that need verification are the detectability of the weakest
estimated reflections from typical targets (a handgun and a knife) and the ability to separate
reflection from two close targets, i.e. its down-range resolution.

In addition, we simulated different application scenarios, in order to investigate the saturation

point and minimum detectable signal, and determine the amplitude characteristic of the receiver.

|$ EN\/ELOPE.I. o

B e - o
SYSTEM_PARAMETERS
Fsan=3
BW=5

Target =

Figure 5.2: ADS model of basic single-channel RF-scheme of the UWB FMCW Radar.
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5.3 Modeling of basic RF-scheme for UWB FMCW radar system

The ADS model of the basic RF-scheme of the UWB FMCW radar system is shown in figure
5.2. As already mentioned earlier, we simulated for simplicity a single channel receiver, but the
results are representative of each channel of the final multi-channel receiver. The basic RF-scheme
is mainly made of three blocks: the transmitter, the target and the receiver.

Every component simulated here reproduces as closely as possible the RF-components that were
selected for the RF-scheme in chapter 3. Before going into detailed description, we should introduce

some recurring parameters that are going to be used in several instances:

- The sweep time Ty, also representing in our models the total simulation time, that
according to real component specifications should be set to 500 ps, but it was reduced to
5 us due to software limitations.

- The chirp excursion BW, which represents the frequency band of the fundamental chirp
signal, set to 6 GHz;

- The start frequency of the chirp F;, set to 3 GHz.

5.3.1 Modeling of the transmitter

The model of the transmitter basically consists of an RF-signal generator, producing a 3-9 GHz
chirp signal with 14 dBm output power, followed by a frequency multiplier which provides the
desired 6-18 GHz sweep. The frequency multiplier has the function to generate harmonics of the
input signal; the output power of each harmonic signal can then be controlled by changing the gain

of the frequency multiplier.

56



8 Frequency Multiplier:2 'Y &J

FregMult Parameter Entry Mode
Instance Name (name[<start:stop>]) |Standard - |
MULT1

Select Parameter

S11=vswrpolar(2.0,0) -
522=vswrpolar(2.0,0)

G1=-425dB |
G2=-10.5 dB
G3=-48.5 dB
G4=-30 dB
G5=-60 dB
Gb=

Gi=

m

G8= S /| Display parameter on schematic

Add Cut Paste | Component Options. .. |

G2 : Power gain of second harmenic, in dB

Figure 5.3: Selection of parameters of frequency multiplier

In our specific case, the desired 6-18 GHz output signal corresponds to the second harmonic, and
it is decreased by 10.5 dB (representing the conversion loss of the selected frequency doubler) w.r.t
the fundamental input harmonic; the other harmonics are suppressed much more, with the
fundamental harmonic decreased by 42.5 dB, the third by 48.5 dB, the fourth by 50 dB and the fifth
by 60 dB, as shown in figure 5.3. Thus the main signal at the frequency multiplier output is the
second harmonic. The frequency doubler is followed by a 26 dB gain power amplifier which
increases the main signal power to 29.5 dBm. A 10 dB directional coupler with 1.2 dB insertion
loss will then split the signal over two branches, providing both the reference signal for the LO
mixer input (18.2 dBm at coupled port output) and the signal to be driven to the transmit antenna,
which is further reduced by an attenuator reproducing the insertion loss of the transmit switches (8.6
dB in total). Attenuation due to RF-cables connecting the RF-board to the antenna system at both
transmit and receive sides are taken into account in the target model, as an additional attenuation of
1 dB each. The total power coming out of the transmitter block is then 19.2 dBm.

For the chirp signal generator, two different models were realized, one ideal (without harmonics)

and one realistic (with -15 dBc harmonics), and they are presented next.

5.3.2 Modeling of ideal chirp signal generator

The ideal chirp generator is simply modeled with a RF Pulse Train power source component, as
shown in figure 5.4, on the left. In ADS, this RF pulse power source creates a pulse modulated RF
carrier with optional frequency chirping, and by proper setting of width and period of the pulse, it is

possible to simulate the transmission of a single chirp signal.
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As a matter of fact, rise and fall time of the pulse are set to 1 ns, while width is set to T — 2 (ns),
were T represents both the sweep time and the total simulation period. Setting the pulse period
equal to T ensures the generation of a single chirp signal. The other parameters set for the model
are the start frequency of the sweep, Fs (GHz), and the chirp frequency excursion BW (GHz). No

harmonics were considered in the modeling of the ideal chirp generator.

Radar Component: Ideal Chirp Signal Generator | Radar Component:. Chirp Signal Generator with 2nd harmonic
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second harmonic (right).

5.3.3 Modeling of realistic chirp signal generator

The model of the realistic chirp signal generator is shown in figure 5.4, on the right. As it can be
seen, two RF Pulse Train power source components are used for this model: the first one simulates
the fundamental 3-9 GHz chirp with an output power equal to Py, which represents the source
output power of +14 dBm, while the second one represents the 6-18 GHz 2" harmonic chirp signal,
which was set to a -15 dBc level, thus with an output power of -1 dBm. The start frequency of the
2" harmonic chirp signal is set as twice F, and its bandwidth is also twice BW. A power splitter is
then used to combine the two signals. The 4.8 dB loss due to power splitting is balanced by the 4.8

dB increment in output power in both power sources.
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Figure 5.5: ADS model of receive channel.

5.3.4 Modeling of the receiver

The ADS model of the receiver block is shown in figure 5.5. It mainly consists of a cascade of a
LNA and a mixer or down-converter: the LNA has the function to amplify the signal at the receiver
input, while the mixer is used to deramp the received chirp signal. This is achieved by mixing the
RF input of the mixer, corresponding to the received signal amplified by the LNA, with the LO
input consisting of the reference signal coming from the transmitter. This mixing process produces
the beat signal at the IF output.

The LNA is modeled with the same basic component used for the Power Amplifiers. To
reproduce the LNA component selected in chapter 3, we set the gain to 28 dB, the noise figure to
2.5 dB and the output P1dB to 15 dBm.

Although the RF-scheme selected in chapter 3 includes an IQ mixer, for our objectives it is not
necessary to simulate such a device, and a simpler down-converter is thus used. This model
includes a mixer component, with conversion gain set to -12 dB and noise figure set to 7.5 dB,
which corresponds to the double sideband noise figure of the selected IQ mixer, as opposed to the
single sided noise figure of 10.5 dB which is given in the component’s datasheet. We also set the
input P1dB at 15 dBm. In order to take into account the realistic IF bandwidth at the mixer’s output,
the mixer model also includes a DC-500 MHz low-pass Butterworth filter, as shown in figure 5.6.
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Figure 5.6: ADS model of mixer with DC-500 MHz IF bandwidth.

In order to account also for the insertion loss due to the receive switches, a 3 dB attenuator
precedes the LNA in the proposed model. In addition, the reference signal which is input to the
mixer LO port, is previously attenuated by 13.8 dB, to take into account the sum of coupling and
insertion loss due to the 10-way power splitter used to provide the LO reference signal to each one
of the intended 10 receive channels, and then amplified by a power amplifier reproducing the model
A2CP18629 described in chapter 3, with 15 dB gain. At LO mixer input, the reference signal is then
19.5 dBm.

5.3.5 Modeling of targets

For the target model, there are mainly two factors to be considered: the attenuation of the
received signal w.r.t to the transmitted waveform, due to propagation loss and reflection from the
target, and the time difference between transmission and reception due to the two-way travel time of
the signal from radar to target and backwards. In ADS, the attenuation can be modeled with an
attenuator, while travel time and therefore distance to target is modeled with a Time-Delay
component.

Figure 5.7 shows the modeling of a single target (left image), consisting of an attenuator, a Time-
Delay component and two isolators. The isolators simply avoid reflections of part of the signal in
the opposite direction, and are used here to decrease the influence of targets modeling on transmitter
and receiver; in addition, the 1 dB loss of each isolator represents the attenuation due to RF-cables

at both transmit and receive side (1 dB each).
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Modeling of multiple targets is also possible, with the use of multiple attenuators and time-
delays, like shown in figure 5.7, on the right. The parameters of each target can be set
independently.

For this model, two important parameters have to be set-up:

e ATTENN [dB, positive value], which represents the attenuation of the signal due to propagation
of the electromagnetic wave in free space and reflection from the n® target; the subtraction by
2*4.8 in the Loss parameter is performed in order to balance the losses due to the use of power
splitters.

e TDn [nsec], which represents the radar-target two-way travel time from the n" target, and is

computed using the parameter Rn [m], which represents the distance between the radar and the

n" target
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Figure 5.7: ADS models of single target' (Zeﬁ) and double tafget (right).
5.4 Set-up of Circuit Envelope simulations

Once modeling of the realistic RF-scheme is complete, it is necessary to set-up the parameters
for the specific simulation to be performed. ADS provides a different controller for each type of
simulator, to allow defining several different aspects of the simulation to be performed.

For the circuit envelope simulation, the primary parameters to be set-up are the stop time, which
simply defines the time the simulation stops, and time step, which sets the fixed time step that the
simulator uses to calculate the time-varying envelopes. In our specific case, the stop time
corresponds to the sweep time of the transmitted signal, T,. This parameter is very important as it
also determines the resolution bandwidth of the spectrum. Consequently, it has to be large enough
to resolve spectral components of interest. On the other hand, the time step defines the maximum
allowed bandwidth (£ 0.5/Time step) of the modulation envelope, and is thus required to be small
enough to capture the highest modulation frequencies. These relations are illustrated in figure 5.8,

on the left.
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Another important parameter to be set in the controller is the list of analysis frequencies and their
harmonics. In any case, the software requires the analysis frequency to be the same set to F;, the
starting frequency of the source signal, in order to ensure the most precise results. This means that
the analysis frequency is 3 GHz for the multi-octave band RF-scheme, and 4.5 GHz for the octave
band RF-scheme. It is also important to properly set the number of harmonics to be considered in
the simulation, indicated by the frequency order in fig 5.8 (right) and set to 5. This number can be
explained by looking at the output signal of the frequency multiplier in the transmitter. For a 3-9
GHz input signal, the desired second harmonic signal (6-18 GHz) at the frequency multiplier’s
output will contain also part of the 3"(9-27 GHz), 4™ (12-36 GHz) and 5™ (15-45) harmonics
signals. In order to consider their effects in the beat signal, we set the harmonic number or
frequency order to 5.

For the octave RF-scheme, the analysis frequency is again set to the starting frequency of the
chirp signal, in this case 4.5 GHz, while the number of harmonics is set to 3.

Figure 5.8 (right) shows the ADS tab with the EC parameters set-up for the simulation of the

multi-octave RF-scheme.
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Figure 5.8: Relation between stop time and resolution bandwidth, and between time step and
modulation bandwidth (left); Summary of primary parameters set-up for the EC simulation (right).

5.4.1 Technical limitations of the simulations

The performed simulations allow estimating the behavior of the RF-circuit with realistic results,
but for some parameters a precise simulation was not possible.

The main limitation involves the stop time parameter T, which also represents the sweep time of
the chirp generator. According to the selected YTO specifications, the stop time should be set to

500 us, but due to software limitations, we set a stop time of 5 pus. The consequence on the

62



simulation results is that the beat signal due to reflections from a target will appear at a beat

frequency which is 100 times higher than the true value, according to the formula:

beat T c ( )

sweep

Beat Frequency vs. Range for ADS simulations

Range [m]
[
n

Beat Freguency [MHz]

Figure 5.9: Beat frequency versus target range for the ADS simulations for both 6-18 GHz and 9-18
GH: frequency band RF-schemes.

In addition, the noise floor computed by ADS is influenced by the shorter sweep time, and it
should thus result 20 dB higher than the total thermal noise power computed in section 4.2.
However, the ADS models described here do not take into account the contributions due to phase
noise, which actually increase total noise power by about 25 dB. This must be taken into account
when evaluating the simulations results.

A more serious limitation is represented by the fact that the simulations don’t take into account
out-of-band behavior of the selected RF-components. As a matter of fact, the components’
specifications used to set-up the RF-circuit to simulate, refer to their behavior in the 6-18 GHz
band, while outside from this band these parameters rapidly worsen. Data on out-of-band behavior
of selected RF-components was not available, and it was not possible to simulate it. Because of this,
the influence of out-of-band harmonics on the simulations results is stronger than the reality, and we

must take this into account when evaluating the simulation results.

5.5 Investigation on harmonics influence

In order to examine the radar performance in different situations, we simulated the RF-scheme

for different application scenarios. As shown in the following paragraphs, two slightly different RF-
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schemes were simulated: the multi-octave band RF-scheme, where a 6-18 GHz chirp signal is
simulated, and the octave band RF-scheme, which instead uses a chirp signal covering the 9-18
GHz frequency band.

For both schemes, the simulation models have been designed to investigate the influence of
harmonics at the beat signal stage. These harmonic signals are generated by both the YTO and the
frequency doubler, and a careful investigation of their effect on beat signal should account their
influence separately. Because of this, in the following each RF-scheme has been simulated at first
without the frequency doubler, in order to evaluate the influence of only the YTO harmonics on the
beat signal, and only then with the frequency doubler.

From now on, we will refer to the RF-schemes without frequency doubler as RF-scheme Al for
the multi-octave band 6-18 GHz sweep, and RF-scheme A2 for the octave band 9-18 GHz sweep.
The RF-schemes using the frequency doubler are referred to as RF-scheme B1 for the multi-octave
3-9 GHz sweep, and RF-scheme B2 for the octave band 4.5-9 GHz sweep.

In order to ensure suppression of harmonics for any application scenario, we investigated the
influence of the harmonics in the case of strongest received signal, which was estimated in section
4.1 from measurement of reflections from a human body at 0.5 m distance. If their influence is
suppressed in such case, then for weaker signals their suppression will be even stronger.

For this, the attenuation in the target model was set to replicate the lower propagation loss for the
stronger received signal, estimated in section 4.1 as 40.5 dB, and approximated in these simulations

to 40 dB. The results of these simulations are presented in the next paragraph.

5.5.1 Simulation of RF-schemes A1 and A2

The parameters used in these simulations for investigation of harmonic influence are shown in

the list below:

System Parameters Target parameters
RF-scheme F; (GHz) BW (GHz) Ts (ns) Attenuation (dB) | Range (m)
Al 6 12 5000 40 0.5
A2 9 9 5000 40 0.5

Table 5.2: Settings of the simulation parameters for the two RF-schemes without frequency doubler.

The chirp generator directly generates the full band chirp signal without the use of a frequency

doubler. In order to keep a comparable signal power in every simulation, for the RF-schemes Al
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and A2 the output power of the source was set to 3.5 dBm, which corresponds to the output power
of the selected YTO (14 dBm), minus the conversion loss (10.5 dB) of the frequency doubler. The
results for both RF-schemes are presented in the following paragraphs, both for the ideal case with

no harmonics and the real case with 2™ harmonics at -15 dBc level in the YTO.

5.5.1.1 Simulation for ideal 6-18 GHz chirp signal: RF-scheme A1

The simulation results for ideal RF-scheme A1 are shown in figure 5.10.
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Figure 5.10: Simulation results for ideal RF-scheme Al: a) beat signal for Hanning window, b)
raw beat signal.

The peak in the beat signal, corresponding to -10.5 dBm, correctly appears at § MHz, resulting

from:

9
po= B 2R _12x107 2x05 ¢4 My (5.2)

beaat ¢ 5x10° 3x10°

sweep

5.5.1.2 Simulation for realistic 6-18 GHz chirp signal: RF-scheme A1

The simulation results for the realistic RF-scheme A1 with -15 dBc 2™ harmonic are shown in

figure 5.11.
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Figure 5.11: Simulation results for ideal multi-octave RF-scheme, without frequency doubler: a)
beat signal for Hanning window, b) raw beat signal.

The main peak in the beat signal (-12.3 dBm) at 8 MHz corresponds to the fundamental
harmonic signal, while the second and lower peak (-49.3), appearing at 16 MHz, is generated by the
second harmonic produced in the source. At beat signal stage, the second harmonic level is

decreased from -15 dB to about -37 dB with respect to main beat for Hanning window.

5.5.1.3 Simulation for ideal 9-18 GHz chirp: RF-scheme A2

The simulation results for ideal RF-scheme A2 are shown in figure 5.12.
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Figure 5.12: Simulation results for ideal RF-scheme A2: a) beat signal for Hanning window, b)
raw beat signal.

The peak in the beat signal, corresponding to -11.1 dBm, correctly appears at 6 MHz, resulting

from:
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5.5.1.4 Simulation for realistic 9-18 GHz chirp: RF-scheme A2

The simulation results for realistic RF-scheme A2 are shown in figure 5.13.
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Figure 5.13: Simulation results for realistic RF-scheme A2: a) beat signal for Hanning window; b)
raw beat signal.

The main peak in the beat signal at 6 MHz (-11.3 dBm) corresponds to the fundamental
harmonic signal, while the second and lower peak (at -48.8 dBm), appearing at 12 MHz, i
generated by the second harmonic produced in the source. At beat signal, the second harmonic level
is again decreased from 15 dBc to about 37 dBc for the Hanning window.

By comparison, RF-schemes Al and A2 obtain the same 2nd harmonic suppression, and in both
cases the 2nd harmonic generates extra-beat frequencies that can be erroneously interpreted as a
target. Thus none of the two schemes is suited to our objectives the way it is.

In order to evaluate the required 2nd harmonic level which would cause the extra-beat
frequencies to be at a level comparable with the -102.5 dBm noise floor, we performed simulations
with lower 2nd harmonic levels. From this we estimated that in order to get rid of extra-beat
frequencies, the 2nd harmonic level in the source should be around -40 dBc, as shown in figure

5.14, where no harmonics pops up above the noise floor:
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Figure 5.14: Beat signals for Hanning window of realistic RF-schemes, with -40 dBc 2nd
harmonic: a) RF-scheme Al; b) RF-scheme A2.

5.5.2 Simulation of RF-schemes B1 and B2

The parameters used in these simulations for investigation of harmonic influence are shown in

the list below:

System Parameters Target parameters
RF-scheme F, (GHz) BW (GHz) Ts (ns) Attenuation (dB) | Range (m)
B1 3 6 5000 40 0.5
B2 4.5 4.5 5000 40 0.5

Table 5.3: Settings of the simulation parameters for the two RF-schemes with frequency doubler.

The source generates a chirp signal which is then passed through a frequency doubler to achieve
the required sweep bandwidth. The results for RF-schemes B1 and B2 are presented next, both for

the ideal case with no harmonics and the real case with 2" harmonics at -15 dBc level in the YTO.

5.5.2.1 Simulation for ideal 3-9 GHz chirp: RF-scheme B1

The simulation results for ideal RF-scheme B1 are shown in figure 5.15.
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Figure 5.15: Simulation results for ideal RF-scheme B1: a) beat signal for Hanning window; b)
raw beat signal.

Given the 3-9 GHz chirp signal, the beat frequency of the fundamental chirp is computed as:

B 2R 6x10° 2x0.5
fbeat - ' = 6 3
T, ¢ 5x107° 3x10

sweep

=4.00 MHz (5.4)

Due to frequency doubling, the expected main peak in the beat signal appears at 8 MHz, with a
magnitude of -7.4 dBm, corresponding to the 2™ harmonic output of the frequency doubler.
However figure 5.15 also shows a smaller peak (-74 dBm) at 4 MHz, caused by the fundamental
harmonic of the 3-9 GHz chirp signal. This means that also the frequency doubler contributes to
generate extra beat frequencies, although its relative influence is much smaller than that of o
harmonic generated by the YTO. If the frequency doubler had the ability to suppress the
fundamental harmonic in the same way as it does with the third harmonic, there would have been no

extra-beat frequency, as shown in figure 5.16.
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Figure 5.16: Beat signal of RF-scheme B1 with ideal generator and with fundamental harmonic
suppression of frequency doubler increased by 6 dB w.r.t real specifications.

5.5.2.2 Simulation for ideal 4.5-9 GHz chirp: RF-scheme B2

The simulation results for the ideal RF-scheme B2 are shown in figure 5.17.

o] m1
7 freq=3 000MHz
1 gBm‘g{s(real(\F[DJ).D‘EDDDDDDD.,."Hannmg“})-—?d,EBE
eal

m

freq=6.000MHz

?ﬂﬁm({s(real(\F[D]).D,SDUDUDUD.‘.“Hann\ng"})lB.NS
ax

m3

freq=9.000MHz
[dBmifs(real(IF[0]).0.50000000,. "Hanning"}]=68.668

dBm (fs{real(IF [0]),0,50000000,,,"Hanning"))
1

dBm(fs(real (F[0]),0,500000003)

m4

m

freq=6 000MHz

gBmk(fs(rea\(\F[D]).D.SDDDDDDD}}=-G,722
eal

Figure 5.17: Simulation results for ideal RF-scheme B2: a) beat signal for Hanning window; b)

raw beat signal.

The results are similar to the RF-scheme B1, with the frequency doubling suppression of

fundamental harmonic not low enough.

5.5.2.3 Simulation for realistic 3-9 GHz chirp: RF-scheme B1

The simulation results for realistic RF-scheme B1 with -15 dBc 2™ harmonic are shown in figure

5.18.
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Figure 5.18: Simulation results for realistic RF-scheme Bl: a) beat signal for Hanning window; b)

raw beat signal.

5.5.2.4 Simulation for realistic 4.5-9 GHz chirp: RF-scheme B2

The simulation results for RF-scheme B2 with -15 dBc 2™ harmonic are shown in figure 5.19.
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Figure 5.19: Simulation results for realistic RF-scheme B2: a) beat signal for Hanning window, b)

raw beat signal.

From a quick comparison of the results, it is evident that both realistic RF-schemes B1 and B2

suffer from extra beat frequencies at relatively high level caused by the fundamental and the third

harmonics of the generated chirp signal. As a matter of fact the main peak has a magnitude of -8.9

dBm, while the spurious spikes due to undesired fundamental and third harmonics have a

magnitude of -34.6 and -49.4 dBm. Thus also RF-schemes B1 and B2 are not suited for our project

the way they are.

An improvement of the RF-schemes is thus necessary to achieve a higher suppression of

harmonics and obtain a beat signal free from their influence.
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5.5.3 Simulation of improved RF-schemes with harmonics suppression

Radar Component: Chirp Signal Generator with 2nd harmonic
Parameters F5: = Start Frequency (GHz)

Psrc: Source Power (dBm)

Ts:  Sweep Time (ns)
" BW: Bandwidth (GHz)
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Figure 5.20: Chirp signal generator, with low-pass filter at its output to suppress harmonic.

A practical way to reduce the influence of harmonics caused by the source consists in filtering
the output of the chirp generator via a low-pass filter. This method is very efficient when the filtered
chirp signal bandwidth is not larger than an octave, since it would not contain in-band harmonics.
This is the case when using the 4.5-9 GHz chirp signal, while the 3-9 GHz chirp signal contains also
part of its second harmonic (6-9 GHz), which is more difficult to eliminate. The improved RF-
schemes B1 and B2, with a low-pass filter inserted at the source output as shown in figure 5.20, will
be referred to as RF-schemes C1 and C2, respectively.

The low-pass filter has been designed to suppress the out-of band harmonics, while it does not
have any effect on eventual in-band harmonics. A Butterworth low-pass filter was used to for this

purpose and its parameters (illustrated in figure 5.21, a) were set as follows:

- Pass-band edge frequency (Fyass) was set to the highest frequency of the chirp signal,
computed as F;-+BW, and corresponding to 9 GHz in both RF-schemes C1 and C2;

- Attenuation at passband edges (Apass) was set to 3 dB;

- Stopband edge frequency (Fsop) Was set to 1.5 (Fs+BW), corresponding to 13.5 GHz for
both RF-schemes C1 and C2;

- Attenuation at stopband edges (Ayp) Was set to 55 dB.
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Figure 5.21: Typical transfer functions of low-pass filter (a) and band-pass filter (b).

5.5.3.1 Simulation of realistic RF-schemes C1 and C2

Figures 5.22 and 5.23 show the beat signals of RF-schemes C1 and C2, respectively. As it can be
seen, low-pass filtering of the chirp signal improves the harmonics suppression of both schemes,
but in a different way.

RF-scheme C1, whose main peak has a magnitude of -11.8 dBm, achieves fundamental and third
harmonic suppression of about 53.5 dB and 42 dB, respectively, but the extra spikes due to
harmonics are still evident and appear to be larger.

On the other side, the beat signal resulting from RF-scheme C2, whose main peak has a
magnitude of -8.5 dBm, is very similar to the one obtained from the ideal case of RF-scheme B2,
were the harmonics produced by the chirp generator were not simulated, and shown in figure 5.17.
Fundamental and third harmonic suppression is quantified as around 68 dB and 76.5 dB
respectively, and it is much higher than for RF-scheme C1. The harmonic rejection of the low-pass
filter is much more effective for the RF-scheme C2, where the harmonics are entirely outside the

main 9-18 GHz chirp frequency band.
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Figure 5.22: Simulation results for realistic RF-scheme C1: a) beat signal for Hanning window, b)
raw beat signal.

1 m2 = ] ma
o] Teq=3.000M - 0] r ma
] dBm(fS(rea\(\F[U]) 0,50000000,,,"Hanning"))=-76.439 R freq=6.000MHz
= ] 1 dBm(fs(real(IF[0]),0,50000000))=-8.902
E—. m2 = Peak
5 freq=6.000MHz =
f a0 dBm(fS(rea\(\F[U]) 0,50000000,,,"Hanning"))=-8.506 -
ik
S B
S o -0
=] =
S =0 req-9 000M| =N
= 1 dBm(fS(reﬂI(IF[D]) 0,50000000,,,"Hanning"))=-84.924| e
= = so
: 5
% 70—
B
20—
T T T T T T T T T T T T T T T T TT T
o 10 1 20 25 30 35 40 4 o o 10 15 20 25 30 3 40 4! o
freq. MHz fraq, MHz
(@) (b)

Figure 5.23: Simulation results for realistic RF-scheme C2: a) beat signal for Hanning window, b)
raw beat signal.

In spite of improved situation, this harmonic suppression of RF-scheme C2 is still not enough to
completely suppress the extra beat frequencies below the noise floor, since they still appear at about
-68 and -76.5 dBc w.r.t. the main peak. However, it is important to remember that the results don’t
take the out-of band behavior of the RF-components into account. In order to show this effect, an
additional RF-scheme with band-pass filters (BPFs) in front of both RF and LO ports of the mixer
was simulated for both cases with multi-octave band and octave band, to which we refer to as RF-

schemes D1 and D2 respectively (fig. 5.24).
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Figure 5.24: RF-scheme D2 in ADS.

5.5.3.2 Simulation of realistic RF-schemes D1 and D2

The band-pass filter for RF-scheme D1 has been set with the following parameters (see figure

5.21 (b) for reference):

- Pass-band center frequency (Feenter) Was set to the center frequency of the 6-18 GHz chirp
signal, i.e. 12 GHz;
- Pass-band edge-to-edge width (BW,,s) was also set to the chirp signal bandwidth, 12

GHz;

- Attenuation at pass-band edges (Apass) Was set to 3 dB;

- Stop-band edge-to-edge width (BWg,) was set to 17 GHz;

- Attenuation at stop-band edges (Asiop) Was set to 25 dB.
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Figure 5.25: Simulation results for realistic RF-scheme D1: a) beat signal for Hanning window, b)
raw beat signal.

The simulation results for RF-scheme D1, where the main peak has a magnitude of -13.8 dBm,
show a better rejection of the first harmonic, decreasing its level by an additional 17 dB with respect
to RF-scheme C1, while no improvement is shown in the suppression of third harmonic, which
remains at a magnitude of -54.9 dBm.

RF-scheme D2 was simulated in two different cases: in the first, the BPF has the same settings
used in RF-scheme D1, since the selected RF-components are specified for a 6-18 GHz bandwidth.
However, the results still show a small peak (-81.5 dBm) due to fundamental harmonic, which
means further harmonic suppression is required. Because of this, RF-scheme D2 was also simulated

with a 9-18 GHz BPF, with the following parameters:

- Pass-band center frequency (Fcenter) Was set to the center frequency of the 9-18 GHz chirp
signal, i.e. 13.5 GHz;

- Pass-band edge-to-edge width (BW,,s) was also set to the chirp signal bandwidth, 9
GHz;

- Attenuation at pass-band edges (Apass) Was set to 3 dB;

- Stop-band edge-to-edge width (BWy,) was set to 14 GHz;

- Attenuation at stop-band edges (Aiop) Was set to 25 dB.

The results of simulation of RF-scheme D2 with 9-18 GHz BPF are shown in figure 5.25 (b). As
it can be seen, the beat signal doesn’t have any extra beat frequency in this case, and the influence

of harmonics has been totally suppressed.
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Figure 5.26: Simulation results for realistic RF-scheme D2: a) with 6-18 GHz band-pass filter; b)
with 9-18 GHz band-pass filter.
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5.5.3.3 Simulation of RF-scheme E1

In order to try to improve the third harmonic suppression of RF-schemes C1 and DI, an
additional RF-scheme E1 was simulated. Such RF-scheme includes BPFs in front of also the PAs

and the LNA, with the following parameters:

- Pass-band center frequency (Fcenter) Was set to the center frequency of the 6-18 GHz chirp
signal, i.e. 12 GHz;

- Pass-band edge-to-edge width (BW,.s) was also set to the chirp signal bandwidth, 12
GHz;

- Attenuation at pass-band edges (Apass) Was set to 1 dB;

- Stop-band edge-to-edge width (BWy,) was set to 17 GHz;

- Attenuation at stop-band edges (Asiop) Was set to 25 dB.

However, the simulation results do not show any improvement of third harmonic suppression,
which remain about 40 dB lower than the -17.1 dBm main spike, which is widened by the use of
these filters. In conclusion this solution has only worsened the situation, and based on the other
results, the best compromise between complexity of the RF-scheme and suppression of higher

harmonics for the multi-octave band case remains the RF-scheme C1.
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Figure 5.27: Simulation results for realistic RF-scheme El: a) beat signal for Hanning window; b)
raw beat signal.

5.5.4 Summary of harmonic suppression

To summarize, the main purpose of the simulations presented in this paragraph was to
investigate the influence of harmonics generated by the YTO and the frequency doubler on the beat
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signal. Beginning from the basic RF-scheme presented in chapter 3, where the desired chirp signal
is directly generated by the YTO without using any frequency doubling, we simulated in total 5
different types of RF-scheme, and for each type of RF-scheme two different implementations were
simulated: implementation 1 uses a 6-18 GHz chirp signal, , while the implementation 2 is
characterized by a 9-18 GHz chirp signal.

Simulations of basic RF-scheme Al and A2, where the chirp signal is directly generated by the
YTO without the use of a frequency doubler, showed that the -15 dBc 2™ harmonic of the chirp
signal generated by the selected YTO has a consistent influence on the beat signal, generating extra
beat signals at a relatively high level (-37 dB w.r.t main peak) which can be detected as additional
targets. Further investigations showed that if the 2" harmonic level of the YTO was not higher than
-40 dBc, the extra beat signals would have been below the -102.5 dBm noise floor computed in
ADS.

Simulations of RF-schemes B1 and B2, in which the chirp signal is generated by a series of a
YTO and a frequency doubler, and is thus represented by the 2™ harmonic signal generated by the
latter component, showed that the lever of harmonics generated by the latter alone is much lower
than the ones generated by the YTO, but combined with the 2™ harmonic generated by the YTO it
causes generation of two strong additional beat signals (at about -40 dB and -31 dB level w.r.t main
peak), the first corresponding to the fundamental harmonic generated by the YTO and reduced by
the frequency doubler, and the second representing the third harmonic signal generated by the
frequency doubler.

In RF-schemes C1 and C2, in order to decrease the level of these additional signals, we tried to
reduce the level of the 2™ harmonics generated by the YTO, by adding a low pass filter at its
output. For RF-scheme C1, where a 6-18 GHz low pass filter was used, the harmonics suppression
was improved but the two additional beat signals, at a level of -54 dB and -42 dB respectively w.r.t
main peak, were still evident. The reason for this is to be found in the fact that the chirp signal
generated by the YTO (3-9 GHz) also contains part of its second harmonics, and their rejection with
the use of a LPF is only partial. On the other hand, in RF-scheme C2, rejection of 2" harmonic of
the YTO is more effective, since the 4.5-9 GHz chirp signal coming out of the YTO does not
contain in-band harmonics, which are then totally suppressed by the downstream LPF. As a
consequence, the two additional spikes in the beat signal have a much lower level than they had in
RF-scheme C1, with a -68 dB and -76.5 dB level w.r.t higher peak.

RF-schemes D1 and D2 contain two additional band-pass filters (with pass bands corresponding
to the chirp bandwidth) in front of both the LO and the RF ports of the mixer, with the purpose to

suppress the harmonics generated by the frequency doubler. However, the simulation results are
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quite different for the two implementations. While RF-scheme D2 finally achieves a total harmonic
rejection, RF-scheme D1 doesn’t show any improvement in rejecting the third harmonic. The
reason for this can be explained by the fact that a big part of the 3™ harmonic signal (9-27 GHz) is
contained within the 6-18 GHz 2™ harmonic, and no filters would be useful to suppress it. As a
matter of fact, even if we insert additional BPF filters in front of the power amplifiers and the LNA,
as we did in RF-scheme E1, the 3™ harmonic suppression is not improved.

In conclusion, the investigation on harmonic influence shows that harmonic rejection is more
easily achieved when the chirp signal has a bandwidth not larger than an octave, and doesn’t have
any in-band harmonics, making it possible to suppress the harmonics below the noise floor, as
shown by simulation results of RF-scheme D2.

On the other hand, for the 6-18 GHz multi-octave band chirp signal, the best results are achieved
by RF-schemes C1 and D1, with the first one preferred as the best compromise between complexity
of the electronics (since it only requires a LPF after the YTO) and minimal harmonic suppression of

42 dB.

5.6 Detectability analysis of weaker targets

After selection of the final RF-schemes, we can now investigate the detectability of typical small
targets like a handgun or a knife at the maximum operational distance. In Section 4.4 we performed
a detectability analysis at the receiver input for a small handgun and a knife, based on the RCS
measurements we performed in DUCAT and illustrated in Appendix A. According to our
mathematical analysis, both targets have an average SNR slightly above 10 dB at the maximum
operational distance of 2 m from the radar, which should be enough for detection.

The average propagation loss of these targets was computed as -74.8 dB for the gun and -74.6 dB
for the knife, when they are placed at 2 m distance from the radar. From figure 5.27, where ADS
simulations of RF-schemes C1 and D2 with target set to 2 m distance and 75 dB attenuation are
illustrated, we can see how even in these cases the target reflections are widely above the noise

floor, with a magnitude of about -46 dBm both, and the weaker targets alone can thus be detected.
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Figure 5.28: Simulation results for a weak target (75 dB attenuation) at 2 m distance: a) RF-
scheme C1; b) RF-scheme D2.

However, in a realistic application scenario, the weapons are concealed on a person’s body, and
the separation distance between the weapons and the human body in the down-range dimension will
be quite short, let’s say not higher than 20 cm, with the weapons typically closer to the radar than
the human body.

Computation of propagation loss due to reflections from a human body and typical weapons,
when they are at the same distance from the radar (2 m in fig. 5.29), shows that human body
reflections are on average about 4 dB higher than weapons reflections, with a maximum difference
of about 20 dB (not considering the evident dips in the propagation loss due to reflections from

human body, which are due to near-field measurements of its reflectivity).
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Figure 5.29: Estimated propagation loss due to reflections from a human body, a handgun and a
knife, placed at 2 m distance from the radar.

80



In the case of RF-scheme C1, applying amplitude selection by rejecting everything below -42 dB
with respect to the stronger peak (which is likely to be due to reflections from human body), will
ensure suppression of harmonics while keeping the reflections from smaller targets concealed on
the human body (which will be at most 20 dB lower than human body reflection). Thus, detection
of weapons concealed on the human body can be achieved even at the maximum operational
distance.

On the other hand, RF-scheme D2 requires a much lower amplitude threshold, set to -90 dBm to
avoid contamination from oscillations of the noise floor. With such a low threshold, the detection of

weak targets at maximum operational distance is ensured all the more so.

5.7 Down-Range resolution of RF-schemes C1 and D2

An additional series of simulations was performed in order to verify the down-range resolution
of the selected RF-schemes C1 and D2. For our purposes, it is important to be able to distinguish
reflections from two close targets. According to discussion in section 2.2, down-range resolution of

the radar is computed as:

Sy == (5.5)
2B

which gives a down-range resolution of 1.25 cm for the multi-octave band scheme, and 1.67 cm for
the octave band scheme. In practice, we should be able to distinguish reflections from two targets
separated by such distances, which should appear as two distinguishable spikes at beat signal level.
However, simulation of RF-scheme C1 with two targets separated by 1.25 cm only show one
spike, which means that the two targets are not distinguishable, as shown in fig. 5.30 (a). Further
simulations shows how the RF-scheme C1 is able to distinguish the two targets when their minimal
separation is 2 cm (fig. 5.31). For the sake of thoroughness, simulations for other target separations
were performed, but the results were quite contradictory. As a matter of fact, the simulation results
show only one spike when the target separation is increased to 2.5 cm (fig. 5.30 (b)) and again two
spikes when it is set to 3 cm (fig. 5.32). Then, for target separations larger than 3 cm, the two

reflections are always distinguishable (fig. 5.33).
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Figure 5.33: Simulation results for RF-scheme C1 with two targets separated by 3.5 cm.

Similar results were obtained from simulation of RF-scheme D2. With 1.67 cm target separation,
corresponding to the down-range resolution computed with (5.5), the simulation results show two
distinguishable spikes (fig. 5.34). However, simulations of the same RF-scheme with larger target
separations also show contradictory results: if we increase the target separation to 2 c¢m, the two
targets become indistinguishable (fig. 5.35), and only when their separation is increased to 3.75 cm
we can again see two distinguishable spikes (fig. 5.36). Then, for target separations larger than 3.75

cm, the two reflections are always distinguishable.
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Figure 5.34: Simulation results for RF-scheme D2 with two targets separated by 1.66 cm.
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Figure 5.37: Simulation results for RF-scheme D2 with two targets separated by 4 cm.

Even if we increase the number of points for the FFT, quadrupling their number, the results

llustrated above remain the same for both RF-schemes.

Window function (Hann) Freguency response (Hann)

o o o o
m . ;=

amplitude
o]
(i)
decibels

0.4
0.3
0.2
0.1
i} -
0 -1 60 -40 20 ] 20 40 50
samples bins

Figure 5.38: Hanning window in time domain (left) and frequency domain (right).

These contradictory results probably originate from the use of a windowing function, which in
this case is the Hanning window. As a matter of fact, the Hanning window is used to partially
suppress the sidelobes present in the raw signal (for Hanning window, maximum sidelobe level is
32 dB lower than main peak), but at the same time it causes a widening of the main peak, for a
decrease of frequency resolution of about 44 % at -3 dB bandwidth, and of around 100% and -6 dB
bandwidth [30]. In addition, when we have two close reflections, the sidelobes of the stronger one

can overlap with the other reflection, either increasing or decreasing the latter. Use of different
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smoothing windows didn’t show any improvement, and the results obtained for the down-range
resolution were the same.
In conclusion, the ADS simulations show a down-range resolution of 3 cm for the RF-scheme

C1 and of 3.75 cm for the RF-scheme D2.

5.8 Amplitude characteristic of the receiver.

In order to investigate the minimum detectable signal and the saturation point of the receiver,
and determine its amplitude characteristic, several simulations were performed with different target
attenuations. The resulting amplitude characteristic of the receiver for both schemes C1 and D2 is
shown in figure 5.39, where also the maximum and minimum estimated signals for typical targets
are indicated. The amplitude thresholds used in the two schemes are not considered here, but this
doesn’t change the fact that both the maximum and minimum estimated signals occur within the
linear portion of the amplitude characteristic of the receiver, ranging from a max of about +3 dBm
to a min of about -90 dBm, which means that the dynamic range of the receiver is wide enough to
detect both strong and weak targets.

However, the dynamic range obtained through simulations appears to be shorter than the value
computed in section 4.3. This is due to the peak-to-peak variations of the noise floor, which causes
the noise power to oscillate within + 15 dB w.r.t. the -102.5 dBm noise floor, and thus decreases the

dynamic range by about 15 dB.
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Figure 5.39: Amplitude characteristic of the radar receiver, the stronger and the weaker signal
estimated from human body and typical targets, respectively, are also indicated to be within the
linear part of the receiver’s amplitude characteristics. Input power is measured at RX switch input,
output power refers to main peak of beat signal at mixer IF output.
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5.9 Conclusions

In this chapter, the procedure followed to simulate the RF-scheme in ADS was presented, along
with simulation objectives and results for different versions and implementations of the RF-scheme
and different scenarios.

Two main versions of the RF-scheme were discussed and simulated: version 1, which uses a
multi-octave band 6-18 GHz chirp signal, and version 2, where the chirp signal occupies the 9-18
GHz octave band for a 66.7 % fractional bandwidth.

The first important result obtained by simulations of the RF-scheme in ADS regards the
investigation on the influence of harmonics generated by the YTO and the frequency doubler at beat
signal stage. The basic RF-scheme selected for our design, with a cascade of a YTO and a
frequency doubler for generating the required chirp signal (RF-schemes Bl and B2), produces a
high level of harmonics, generating extra beat signals which can be erroneously interpreted as
additional targets, and this makes it unsuitable for this project. Further investigation showed that the
insertion of a low-pass filter after the YTO to suppress its second harmonics (RF-schemes C1 and
C2) shows better results, achieving a higher harmonic rejection of 42 dB for RF-scheme C1 and 68
dB for RF-scheme C2. This substantial difference in the harmonics suppression is explained by the
fact that version 1 uses a multi-octave band chirp signal (6-18 GHz), whose second harmonics
partially overlap with the fundamental signal band and can’t be completely suppressed by low-pass
filtering the frequency content above 18 GHz. On the other hand, this approach is more effective in
RF-scheme C2, since the harmonics of the 9-18 GHz chirp signal are not overlapped with the
fundamental signal, and consequently they can be completely rejected by the low-pass filter.

Additional simulations of more complex RF-schemes (D1 and E1), with insertion of 6-18 GHz
band-pass filters in front of the power amplifiers, LNA and mixer, were also performed, but the 42
dB harmonic suppression achieved with RF-Scheme C1 was not improved. As a consequence, RF-
scheme C1 was selected as the best solution to suppress the harmonics of the multi-octave band
chirp signal.

As for the octave band version of the RF-scheme, simulations of RF-scheme D2, with an
additional 9-18 GHz BPF in front of both the RF and LO ports of the mixer, showed a complete
suppression of harmonics below the noise floor, achieving a much better spurious free dynamic
range than its multi-octave band counterpart. RF-scheme D2 was thus selected as the best solution

for harmonics suppression when using the octave band chirp signal.

87



Additional simulations were performed for the two selected RF-schemes to evaluate the
detectability of weaker targets on the background of a strong reflection (which is likely to be
represented by the reflections from the human body). In principle, in order to avoid erroneous
interpretation of higher harmonics as an additional target, RF-scheme C1 requires an amplitude
threshold of -42 dB with respect to the stronger received signal. This means that its detection ability
is limited to targets whose reflected signal power does not differ more than 42 dB from the stronger
reflection. Luckily, investigation on the power reflected from typical targets in realistic application
scenarios show that the difference between the strongest and the weakest signal is around 20 dB,
and the selected RF-scheme C1 is consequently suitable for their correct detection even at the
maximum operational distance of 2 m.

All the more so, RF-scheme D2 is also capable to detect weaker targets at the maximum
operational distance on the background of a strong reflection, since it has a twice wider dynamic
range than RF-scheme CI1.

For the sake of thoroughness, we also investigated the down-range resolution achieved by the
two schemes via ADS simulations. Results showed in both cases a worse resolution than the ones
computed via analytical formula (5.5), probably due to the use of Hanning window which slightly
reduces the frequency resolution and whose sidelobes can overlap with a target reflection when two
targets are very close. RF-scheme C1 achieves a down-range resolution of 3 cm, while for RF-
scheme D2, the ADS simulations showed a minimum down-range resolution of 3.75 cm.

To summarize, ADS simulations have shown satisfactory results and the two selected solutions,
namely RF-schemes C1 and D2, are both suitable for our project. In general, RF-scheme D2
achieves a better harmonic suppression than RF-scheme C1, but this doesn’t make it better for our
project, since both solutions have shown the capability to detect the weakest estimated targets at
maximum operational distance with the background of human body reflections. In addition, RF-
scheme C1 uses a larger bandwidth and obtains a finer down-range resolution, finally tipping the
balance in favor of this latter solution.

In conclusion, RF-scheme Cl1 is the preferred solution because of its better bandwidth and down-

range resolution.
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Chapter 6: Conclusions and
recommendations

6.1 Conclusions

In this thesis project, an UWB radar front-end for security applications has been designed and
simulated. The objectives of this thesis work were to investigate the feasibility of a radar sensor
achieving high resolution, fast acquisition speed and high-performance in general, while keeping
cost and complexity to the minimum.

After a survey of state-of-the-art Imaging systems for security application, and a fundamental
study of the ways to obtain particular performance requirements, we came to the conclusion that a
microwave UWB MIMO array-based radar front-end would have been the best solution to the
problem. FMCW homodyne architecture was selected for its low complexity in the electronics and
the simplicity in the implementation. An antenna system based on the MIMO technique was
deemed necessary to reduce the number of elements in the array, with the purpose to reduce its cost
both in economical and computational terms, without a net deterioration of its performance. Use of
commercially available components was considered in order to keep the costs low. Definitive
selection of frequency band was also based on the availability of RF-components, and was selected
as 6-18 GHz. Unluckily, we couldn’t find any fast YTOs in the 6-18 GHz bandwidth, and in order
to achieve a fast data acquisition time, we selected a combination of a fast sweep 3-9 GHz YTO and
a frequency doubler to generate the desired 6-18 GHz sweep, for a data acquisition speed 25 times
faster than the one we would have obtained by direct sweeping of commercially available 6-18 GHz
YTOs.

The selected RF-scheme was finally simulated in ADS to examine its performance. At first, we
investigated the influence of harmonics generated by the RF-electronics on the beat signal. As a
matter of fact, the combination of YTO and frequency doubler selected to generate the desired 6-18
GHz chirp signal also generated spurious harmonics, which at the beat signal stage appears as extra
beat-signals that could be interpreted as additional targets. Simulations in ADS confirmed that the
level of these harmonics is relatively high (-26 dB w.r.t main peak at beat signal stage), making the
basic RF-scheme unsuitable for our design the way it was. Further investigations on possible ways
to reduce the problem showed that the best solution consists in the insertion of a DC-9 GHz low-

pass filter at the YTO’s output, which allows decreasing the level of such harmonics down to -42
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dB w.r.t the main peak at the beat signal stage. Total suppression of harmonics was not possible due
to the fact that the main 6-18 GHz chirp signal contains in-band harmonics that cannot be rejected
via filtering, and the use of an amplitude threshold to reject everything 42 dB below the strongest
peak was deemed necessary to avoid detection of harmonics as additional targets.

An alternative solution was represented by the use of a shorter chirp signal in the 9-18 GHz
frequency band. Such signal does not contain in-band harmonics, and this makes it possible to
suppress the harmonics generated by the RF-electronics via filtering. This was also confirmed via
ADS simulations, which showed a total harmonic suppression with the use of a low-pass filter at
YTO’s output, and 9-18 GHz band-pass filter at the input of both LO and RF port of the mixer.

ADS simulations also showed that the 42 dB spurious free dynamic range of the 6-18 GHz RF-
scheme is wide enough to detect the weakest targets (represented by a handgun and a knife) on the
background of human body reflections even at the maximum operational distance of the radar, set to
2 m, thus validating this RF-scheme for our project. All the more so, the 9-18 GHz harmonic free
solution, given its wider dynamic range, is also capable to detect the weakest targets in the
background of human body reflection. Additional investigation on their ability to separate
reflections from two close targets showed a 3 cm down-range resolution for the 6-18 GHz RF-

scheme, and 3.75 cm for the 9-18 GHz RF-scheme.

RF-scheme | BW Fractional Harmonic Acquisition | Down-
BW suppression | time range
achieved resolution
Cl1 6-18 GHz 100% -42 dB 0.17 s 3cm
D2 9-18 GHz 66.7% -80 dB 0.13 s 3.75 cm

Table 6.1: Comparative table of the two selected solutions.

To summarize, ADS simulations have shown satisfactory results, which are reported in table
6.1, and the two possible solutions, namely RF-schemes C1 and D2, are both suitable for our
project.

However, the differences between the two RF-schemes are substantial: first of all, RF-scheme
Cl has a larger bandwidth, corresponding to 100% fractional bandwidth against the 66.7%
fractional bandwidth of RF-scheme D2. Considering the requirements on fractional bandwidth
given in chapter 2, where a fractional bandwidth of at least 100% was required in order to reduce
the number of elements in the MIMO array without loss of performance, RF-scheme Cl1 is to be
preferred.

In general, RF-scheme D2 achieves a better harmonic suppression than RF-scheme C1, but this

doesn’t make it better for our project, since both solutions have shown the capability to detect the
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weakest estimated targets at maximum operational distance in the background of human body
reflections. In addition, RF-scheme C1 obtains a finer down-range resolution, finally tipping the
balance in favor of this latter solution.

In conclusion, RF-scheme Cl1 is the preferred solution because of its better bandwidth and down-
range resolution. This RF-scheme achieves good performance, and generally speaking, it allows

achieving the objectives of this thesis.

6.2 Recommendations, remarks and future work.

The definitive RF-scheme with 6-18 GHz signal bandwidth meets the general requirements of
this project, but there is still room for improvement of its performance, although this mainly
depends on the availability of better RF-components.

The major improvement would be achieved with the use of a fast and direct 6-18 GHz sweep
generator (instead of the combination of a 3-9 GHz YTO and frequency doubler) with a lower level
of 2™ harmonics. According to the simulation results, if the 2" harmonics generated by YTO were
around -40 dBc, no amplitude threshold would have been required. Moreover, such solution would
also exclude the use of frequency doubler and filters, thus further reducing the complexity and cost
of the electronics. However, a YTO with these characteristics is not available on the market, and a
quick investigation of the possibilities to have it custom-made excludes such solution in the very
near future. It is likely that a proper YTO for the ideal RF-scheme will be realized within the next
few years, so I guess it’s just a question of time.

On the other side, the results obtained by ADS simulations didn’t take into account out-of-band
behavior of the selected RF-components, due to lack of data. A better characterization of the
selected RF-components would certainly give more precise results.

Another possible improvement on the work presented in this thesis report would be represented
by the investigation of detectability for a wider variety of targets. As a matter of fact, we performed
a detectability analysis of a handgun and a ceramic knife as typical targets, but the variety of
possible threats is much wider, spacing from plastic and ceramic guns and knives to different types
of explosives. An investigation on the capability of the selected RF-scheme to detect also these
targets would certainly be useful to further validate the usefulness of this solution.

Moreover, some assumptions were made on the MIMO array about the antenna coupling levels

when estimating maximum received signal and about the ISL for the estimation of number of
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antennas. Although these assumptions are realistic, a deeper study on the feasibility of such results
is suggested to further validate the results obtained by this thesis project.

Last but not least, the estimation of phase noise in section 4.2 was made in the worst case
scenarios, but a careful design of the path length differences and optimization of RF-cable lengths
could help decrease the total phase noise and thus the total noise power at receiver output.

To conclude, the work presented in this thesis report shows the feasibility of a high resolution
UWRB radar sensor for concealed weapon detection working in the 6-18 GHz frequency band, with

minimized acquisition time, cost and complexity.
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Appendix A: Radar Cross Section
Measurements

A.1 Estimation of RCS of typical targets

The analysis of the detection capability of the RF scheme requires the knowledge of the radar
cross section of some typical targets, such as a gun and a knife, in the 6-18 GHz bandwidth. The
scattering of these targets was studied by frequency-domain measurements. The
Telecommunication Research Center of TU Delft is provided with an anechoic chamber for antenna
measurements up to 26 GHz, called DUCAT, where we had the opportunity to perform these
measurements.

Initially we performed measurements of some reference targets with different antennas, in order
to check how close the measured RCS would be to the RCS computed with the far-field formulas
(physical optics approximation).The best results were obtained with a dual polarized wideband horn
antenna in a monostatic configuration, which gave good results with a dihedral corner reflector as
reference target, positioned at 3.5 meters distance from the antenna. Successively, the same setup
was used to measure the scattering from a gun and a knife, placed at 1 m distance from the antenna.
The results are shown in figures A.2 and A.3.

The monostatic measurement setup is shown in figure A.1. The data were acquired in the
frequency domain, between 5 and 18 GHz. The horn antenna was connected to a Vector Network
Analyzer (VNA), which saved amplitude and phase of the 2-Ports scattering parameters of each
target in a Touchstone file. These data were finally processed with MATLAB to compute the RCS
of the targets.
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Target

VNA

Figure A.1: Monostatic setup used for RCS measurements.

A.1.1 Description of the data processing

A.1.1.1 Background subtraction

The scattering parameters measured for each targets actually represent the phasor sum of the
target plus the contribution of the chamber background. One simple technique for reducing the
clutter is “background subtraction”. The scattering parameters resulting from an empty chamber are
also measured and saved, and successively subtracted from the ones measured from the targets. The
resulting data is considered to represent the scattering characteristics of the target alone. This
technique assumes that there is no shadowing of the chamber by the target and its support, so that

the background contribution is not affected by the presence of the target.

A.1.1.2 Time-domain processing of the data

In order to improve the quality of the data, proper pre-processing is required. The frequency
domain data are at first transformed into time domain via FFT. Windowing and time gating of the
time-domain signal are then applied, in order to avoid ringing and other anti-causal artifacts. The
time-domain signals after pre-processing and time gating are shown in figures A.2 and A.3. The
pre-processed data are finally re-converted into frequency-domain via IFFT, and successively used

to compute the RCS of the targets.
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Figure A.2: Time domain signal of dihedral corner reflector, before and after time gating: a) V
Polarization; b) H polarization.
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Figure A.3: Time domain signal of typical weapons at 1 m distance, before and after time gating: a)
gun; b) knife.

A.1.1.3 Computation of the RCS

The RCS of a target can be computed with the formula:

3p 4
o= Pren (éin) R (A.1)
Ptransm )\4 GI‘XGD&

If we consider our measurement setup as a 2-ports Network , the measured scattering parameters

represent the voltage ratio of the wave reflected from the target and the transmitted wave:

Sij*_Leﬂ* (A.2)

\/jftransm>l<
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where the subscripts “ij” represents respectively input and output port. If we take the squared

absolute value of each scattering parameter, we'll obtain the ratio of reflected and transmitted

power, like in the RCS formula:

P i_refl

Pj_transm

2
i -

(A.3)

In our monostatic setup the horn antenna represents both the ports, which means we need the S11

or S22 parameters, which, given the symmetry of our setup, are theoretically identical. Thus we can

choose S11 for the computation of the RCS:

(4n)°’R*

o =[St G

(A.4)

The gain of the Dual Polarized Wideband Horn antenna was measured and used in the

computation, and it is shown in figure A.4.

Dual Polarized Wideband Horn Antenna Gain
. 1R e PR )

Antenna Gain [dBi]

Frequency [GHz]
Figure A.4: Dual Polarized Wideband Horn Antenna Gain (dBi).

A.1.1.4 Results

The measured RCS for the dihedral corner reflector, the gun and the knife are shown in figures
A.5 and A.6. For the dihedral corner reflector, the measurements were performed both in vertical

and horizontal polarization, with the target placed at 3.5 meters distance. From figure A.5 we can
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see that the measured RCSs are in average about 2 dBsm higher than the RCS computed with the
physical optics formula.

For the gun and the knife, the measured RCS are shown in figure A.6. The RCS of the gun
oscillates between a min of -19.4 dBsm and a max of -9.3 dBsm, while the RCS of the knife varies
between a min of -12.76 dBsm and -10.02 dBsm. As it can be seen, between 6 and about 8.5 GHz
the gun shows a slightly higher RCS than the knife, while from about 8.5 to 18 GHz, the knife
response becomes stronger than the gun. Over the 6-18 GHz frequency range, the average RCS of

the gun is thus -13.55 dBsm (0.044 m?), while for the knife we have -11.22 dBsm (0.076 m?).

Monostatic RCS of Dikedral Cormer Reflectar, measured at 3.5 m distance
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Figure A.5: Comparison of RCS of dihedral corner reflector measured at both polarizations, with
the RCS computed with the physical optics formula.
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Figure A.6: Radar cross section (dBsm) of a knife and a gun measured at 1 meter distance from the
antenna.

A.2 Estimation of reflectivity of human body

In DUCAT, we also performed measurements of human body and metal plate positioned at 0.5
m distance from the Vivaldi antenna used to acquire the data.

The main objective was to measure the reflectivity of the human body in the 6-18 GHz
frequency band, in order to estimate the maximum received signal in section 4.1. The procedure
followed to process the measured data is very similar to the one used in the previous paragraphs for
the weapons, and it will only be briefly reported for simplicity. Anyway, the MATLAB code used

to perform these operations is reported in Appendix B.

A.2.1 Processing of measured data

The first operation performed on the measured data was the background subtraction, explained in
section A.l1.1.1; successively, time gating of the data was performed. As it is noticeable in figure
A.7 (c and d), the time-domain signal before processing contains two strong signals: one at about 3-
5 ns, corresponding to a distance of about 0.5 m, which is caused by reflections from human body,
and another reflection at about 95 ns (14 m distance), representing an unwanted reflection or signal
of indiscernible origin, as the maximum size of DUCAT is about 6 m. In any case, this second
signal does not represent the reflection from human body, and only the signal at around 3 ns was

taken with time gating. Successively, FFT was performed on the time gated signal, obtaining a
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signal in the frequency domain. Finally, the reflectivity was estimated via the far-field formula for

RCS:

c—g  @oR* (A.5)
A2 GG

where Sgpr represents the squared absolute value of the resulting frequency-domain signal after

FFT.
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Figure A.7: Time domain signal from reflections at 0.5 m distance: a) and b) metal plate; c) and d)
human body.
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However, although formula (A.5) is typically used to compute RCS of far-field targets, the data
used to estimate human body reflectivity was measured in the near-field, and the RCS computed in
this way oscillates a lot. Thus we will use its peak value to estimate the reflectivity of human body,
to be used in section 4.1 to estimate stronger signal at receiver’s input.

Figure A.8 shows the gain of the Vivaldi antenna used to perform the measurements of human
body and metal plate, while A.9 shows the RCS of the gun and the knife and the estimated
reflectivity of human body and the metal plate, both computed with (A.5).

Antenna Gain [dBi]

Frequency [GHz]

Figure A.8: Gain of Vivaldi antenna used for RCS measurements of human body and metal plate.

Comparison of RCS of human body, metal plate, gun and knife, measured in DUCAT Comparison of RCS of human bady, metal plate, gun and knifs, measured in DUCAT

Human Body
12l Metal Plate
Gun

Knife

Hurnan Body
e Metal Plate

Gun
Knife:

I I
B 8 10

T i i i ]
14 16 18 3] 8 10 12 14 18 18
Freguency [GHz]

(a) (b)

Figure A.9: Comparison of RCS of gun and knife, with estimated reflectivity of human body and
metal plate: a) in m’; b) in dBsm;

12
Frequency [GHz]

As we can see, RCS of weapons appears to be quite close to the magnitude of reflections from
human body. However the human reflectivity measured here oscillates a lot due to the near field

measurements, and we thus only take its peak value, corresponding to -2.98 dBsm or 0.5 m”.
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Appendix B: MATLAB codes

B.1 RCS measurements in DUCAT: data processing

B.1.1 Function process_gun

function [RCS gun, freq] = process_gun
%% Read and save S-parameters

[BG_S,Nport, freqg]=readsp2 ('BG S11 Gun @lm.s2p',2);
[S,Nport, freg]l=readsp2('S1ll Gun @lm.s2p',2);

%% Background subtraction
S NoBG = S - BG_S;
%% Preprocessing

[s,t,Sp full, ff,H,ph, fh]l=tim freg2time (S NoBG(:,1,1),1e9,26e9,3e9,5e9,18e9,20e9,
4) ;
win = ETWin (20808, 1750, 1850, 2050, 2150);
s win = s.*win';
% plot the results
figure (1) ;
hold on;
plot (t,s,'xr");
plot (t,s win, 'b");
ylabel ('Voltage, [V]'")
xlabel ('Time [s]'")
title('Time domain signal due to reflection from a gun at 1 m distance');
legend ('before time gating', 'after time gating')

o°

FET
S _processed = 2*fft(s_win);

%% Compute RCS

o°

load ('Gain DPWH.mat');

R =1;

S11 = S processed(501:1801);
freg = ££(501:1801);

Antenna Gain = g dpwh;
lambda = 3e8./freq;

Gain is in linear scale, for computing RCS
Measurement distance [m]
Only consider values in 5-18 GHz band

o\

o\

RCS gun = abs(S11).72.*((4*pi)"3*R"4)./(Antenna Gain.”2.*lambda.”"2);

figure (2);
105



hold on;

plot (freq/le9, 10*1logl0(RCS_gun))

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]'");ylabel ('RCS [dBsm]');

title('Monostatic RCS of a gun, measured with Dual Polarized Wideband Horn
antenna') ;

save ('Measured MoRCS gun DPWH', 'RCS gun', 'freq')

B.1.2 Function process_knife

function [RCS _knife, freg] = process knife
%% Read and save S-parameters

[BG_S,Nport, freq]=readsp2 ('BG S11 knife @lm.s2p',2);
[S,Nport, freqgl=readsp2('Sll knife @lm.s2p',2);

%% Background subtraction
S NoBG = S - BG_S;
%% Preprocessing

[s,t,Sp_full,ff,H,ph,fh]l=tim freg2time (S NoBG(:,1,1),1e9,26e9,3e9,5e9,18e9,20e9,
4);

win = ETWin (20808, 1750, 1850, 2050, 2150);
S win = s.*win';
% plot the results
figure (3);
hold on;
plot (t,s,'r");
plot (t,s win, 'b");
ylabel ('Voltage, [V]")
xlabel ('Time [s]')
title('Time domain signal due to reflection from a knife at 1 m distance');
legend ('before time gating', 'after time gating')

o\°

FFT
S _processed = 2*fft(s_win);

%% Compute RCS

load ('Gain DPWH.mat');

R =1;

S11 = S processed(501:1801); % Only consider values in 5-18 GHz band
freqg = ££(501:1801);

Antenna Gain = g dpwh;

lambda = 3e8./freqg;

RCS knife = abs(S11).72.* ((4*pi)"3*R"4)./(Antenna Gain.”2.*lambda."2);
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figure (4);

hold on;

plot (freq/le9, 10*1ogl0(RCS knife))

x1lim([6 18]1);grid;

xlabel ('Frequency [GHz]'");ylabel ('RCS [dBsm]");

title('Monostatic RCS of a knife, measured with Dual Polarized Wideband Horn
antenna');

save ('Measured MoRCS knife DPWH', 'RCS knife', 'freq')

B.1.3 Function process_metal_plate

function process metal plate

load ('MP_50cm001l.mat");
S = CpxData;

load ('BG_MP50cm001.mat"');
BG S = CpxData;

%% Background subtraction
S NoBG = S - BG_S; % S NoBG here is in the form <1x2001x2>
%% Preprocessing

[s,t,Sp _full, ff,H,ph,fh]=tim freq2time (S NoBG(1l,:,1),5e9,25e9,5.3e9,5.99,18e9,2
0e9,4); % position 1
win = ETWin (20008, 620, 720, 1050, 1150); % Metal plate NoBG, position 1 and 2
S win = s.*win';
% plot the results
figure (1) ;
hold on;
plot (t,s,'r");
plot (t,s win, 'b");
ylabel ('Voltage, [V]")
xlabel ('Time [s]"')
title('Time domain signal due to reflection from a metal plate at 0.5 m

distance');
legend ('before time gating', 'after time gating');

oe

% FFT
_processed = 2*fft(s_win);
S processed and ff are defined from 0 to 200 GHz

in order to have them in 5-18 GHz band:

o°

o\°

S fft 5 18 GHz MP1 = S processed(501:1801);
freq = ££(501:1801);

figure (2);
hold on;
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plot (freq/le9, abs (S _fft 5 18 GHz MP2)."2)

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]'");ylabel ('Magnitude [dBm]");

title('Magnitude of reflection from metal plate at a distance of 0.5 m');

save ('S fft MP1', 'S fft 5 18 GHz MP1', 'freq')

B.1.4 Function process_human_body

function process human body

load ('Tim001l.mat");
S = CpxData;
clear CpxData;

load ('BG Tim0OOl.mat");
BG_S = CpxData;
clear CpxData;

%% Background subtraction
S NoBG = S - BG_S; % S NoBG here is in the form <1x2001x2>
%% Preprocessing

[s,t,Sp_full, ff,H,ph,fh]l=tim freq2time (S NoBG(l,:,1),5e9,25e9,5.3e9,5.9e9,18e9,2
0e9,4); % position 1

win = ETWin (20008, 550, 650, 1250, 1350); % Human NoBG, position 1 and 2
s win = s.*win';
% plot the results
figure (1),
hold on;
plot (t,s,'z");
plot (t,s win, 'b");
ylabel ('Voltage, [V]'")
xlabel ('Time [s]'")
title('Time domain signal due to reflection from a human body at 0.5 m
distance');
legend ('before time gating', 'after time gating')

oe

% FFT
_processed = 2*fft(s_win);
S processed and ff are defined from 0 to 200 GHz

% in order to reduce them to 5-18 GHz band:

0n

oo

S fft 5 18 GHz humanl = S processed(501:1801);
freq = ££(501:1801);

figure (2);
hold on;
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plot (freq/le9, abs (S _fft 5 18 GHz human2).”"2)

x1lim([5 18]);grid;

xlabel ('Frequency [GHz]'");ylabel ('Magnitude [?]"');

title('Magnitude of reflection from human body at a distance of 0.5 m');

save ('S fft humanl', 'S fft 5 18 GHz humanl', 'freqg')

B.1.5 Function estimate_reflectivity_human_MP

function [RCS_MP, RCS human, freq] = estimate reflectivity human MP
%% Compute RCS
load ('Zhuge Vivaldi Gains 5 18 GHz.mat');

R =0.5; % to be used for human body and metal plate
Antenna Gain = Gain rw 5 18 GHz intp;

lambda = 3e8./freqg;

freq = freq;

load ('s fft humanl.mat');
load ('S fft MPl.mat');

RCS _human =

abs(S_fft 5 18 GHz humanl) .”2.* ((4*pi)~3*R"4)./(Antenna Gain.”2.*lambda.”"2);
RCS MP =

abs(S_fft 5 18 GHz MP1).”"2.*((4*pi)~3*R"4)./(Antenna Gain.”2.*lambda.”"2);
save ('RCS human body MP', 'RCS human', 'RCS MP', 'freqg')

B.1.6 Function compare_RCS

function compare RCS

load ('Meas MoRCS gun DPWH.mat');
load ('Meas MoRCS knife DPWH.mat');
load ('RCS human body MP');

figure (4);

hold on;

plot (freq/le9, 10*1logl0(RCS_human), 'k'")

plot (freq/le9, 10*loglO(RCS MP), 'g')

plot (freq/le9, 10*logl0(RCS gun), 'b')

plot (freg/le9, 10*1ogl0(RCS knife), 'r'")

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]'");ylabel ('RCS [dBsm]");

legend ('Human Body', 'Metal Plate', 'Gun', 'Knife', 'Location', 'SouthWest')
title('Comparison of RCS of human body, metal plate, gun and knife, measured in
DUCAT'") ;

figure (5);

hold on;

plot (freq/le9, RCS human, 'k')
plot (freq/le9, RCS MP, 'g')
plot (freq/le9, RCS gun, 'b'")
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plot (freq/le9, RCS knife, 'r')

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]'");ylabel ('RCS [m"2]");

legend ('Human Body', 'Metal Plate', 'Gun', 'Knife', 'Location', 'SouthWest')
title('Comparison of RCS of human body, metal plate, gun and knife, measured in
DUCAT"'") ;

save ('RCS comparison', 'RCS human', 'RCS MP', 'RCS gun', 'RCS knife', 'freq')

B.1.7 Function compute_propagation_loss_received_power

function compute propagation loss received power

%% Compute propagation loss for power analysis

load ('RCS comparison');
Gt = 107(0.6); % transmit gain = 6 dBi
Gr = 107 (0.6); % receive gain = 6 dBi

o°

lambda = 3e8./freqg;
R = 0.5;

wavelenght in the bandwith 6-18 GHz
range to target [m]

Pnoise dBm = -66.7; Noise floor at RX input [dBm]

Pt = 10" (1.824-3); Transmit power 18.24 dBm

Antenna Gain = 107(0.6); $ 6 dBi

o° oe

oe

L fs human = 10*logl0(RCS human.* (Gt*Gr/ (4*pi)) .* (lambda./ (4*pi*R"2)) ."2);
L fs gun = 10*1ogl0(RCS_gun.* (Gt*Gr/ (4*pi)).* (lambda./ (4*pi*R"2))."2);
L fs knife = 10*1logl0(RCS knife.* (Gt*Gr/(4*pi)).* (lambda./ (4*pi*R"2)) ."2);

L fs gun Im = 10*%1oglO0(RCS_gun.* (Gt*Gr/ (4*pi)) .* (lambda./ (4*pi* (2*R)"2)) ."2);
L fs knife Im =
10*1ogl0(RCS_knife.* (Gt*Gr/ (4*pi)) .* (lambda./ (4*pi* (2*R)"2))."2);

L fs gun 1pS5m = 10*1logl0(RCS _gun.* (Gt*Gr/ (4*pi)).* (lambda./ (4*pi* (3*R)"2)) ."2);
L fs knife 1lpb5m =
10*1ogl0(RCS _knife.* (Gt*Gr/ (4*pi)) .* (lambda./ (4*pi* (3*R)"2)) ."2);

L fs gun 2m = 10*1oglO0(RCS gun.* (Gt*Gr/ (4*pi)) .* (lambda./ (4*pi* (4*R)"2)) ."2);
L fs knife 2m =
10*1ogl0(RCS_knife.* (Gt*Gr/ (4*pi)) .* (lambda./ (4*pi* (4*R)"2)) ."2);

Pr human dBm = 18.24 + L fs human;

Pr gun 50cm dBm = 18.24 + L fs gun;
Pr knife 50cm dBm = 18.24 + L fs knife;

Pr gun 1lm dBm = 18.24 + L fs gun 1lm;
Pr knife 1m dBm = 18.24 + L fs knife Im;

Pr gun lpb5m dBm = 18.24 + L fs gun 1pbm;
Pr knife 1lp5m dBm = 18.24 + L fs knife 1pbm;

Pr gun 2m dBm = 18.24 + L fs gun 2m;
Pr knife 2m dBm = 18.24 + L fs knife 2m;

figure (1) ;
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hold on;

plot (freq/le9, L fs human, 'k')

plot (freq/le9, L fs gun, 'b'")

plot (freg/le9, L fs knife,'r'")

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]'");ylabel ('Propagation loss [dB]');
title('Propagation loss due to reflections from human body and typical
targets');

legend ('Human Body at 0.5 m', 'Gun at 0.5 m', 'Knife at 0.5 m', 'Location',
'SouthWest"')

save ('Propagation Loss@0.5m', 'L fs human', 'L fs gun', 'L fs knife', 'freqg')

figure (2);

hold on;

plot (freq/le9, L fs human, 'k')

plot (freg/le9, L fs gun 1m, 'b")

plot (freq/le9, L fs knife Im, 'r'")

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]'");ylabel ('Propagation loss [dB]');

title ('Propagation loss due to reflections from human body and typical
targets');

legend ('Human Body at 0.5 m', 'Gun at 1 m', 'Knife at 1 m', 'Location',
'SouthWest')

save ('Propagation Loss strong weak', 'L fs human', 'L fs gun 1m',

'L fs knife 1Im', 'freq')

figure (3);

hold on;

plot (freq/le9, L fs human, 'k')

plot (freqg/leS8, L fs gun 1p5m, 'b')

plot (freq/le9, L fs knife 1pbm, 'r")

x1lim([6 18]1);grid;

xlabel ('Frequency [GHz]'");ylabel ('Propagation loss [dB]');
title('Propagation loss due to reflections from human body and typical
targets');

legend ('Human Body at 0.5 m', 'Gun at 1.5 m', 'Knife at 1.5 m', 'Location',
'SouthWest')

save ('Propagation Loss strong weak', 'L fs human', 'L fs gun 1m',

'L fs knife 1Im', 'freqg')

figure (4);

hold on;

plot (freq/le9, L fs human, 'k')

plot (freqg/le9, L fs gun 2m, 'b")

plot (freq/le9, L fs knife 2m, 'r'")

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]'");ylabel ('Propagation loss [dB]');
title('Propagation loss due to reflections from human body and typical
targets');

legend ('Human Body at 0.5 m', 'Gun at 2 m', 'Knife at 2 m', 'Location',
'SouthWest"')

save ('Propagation Loss strong weak', 'L fs human', 'L fs gun 1m',

'L fs knife 1m', 'freqg')

figure (5);

hold on;

plot (freqg/le9, Pr human dBm, 'k'")
plot (freg/le9, Pr gun dBm, 'b')
plot (freqg/le9, Pr knife dBm, 'r'")
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plot (freq/le9, Pnoise dBm, 'g')

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]'");ylabel ('Received Power [dBm]');

legend ('Human Body at 0.5 m', 'Gun at 0.5 m', 'Knife at 0.5 m', 'Noise floor',
'Location', 'SouthWest')

title ('Received power at RX input due to reflections from human body and typical
targets');

figure (6);

hold on;

plot (freq/le9, Pr human dBm+l15, 'k')

plot (freq/le9, Pr gun dBm+l5, 'b')

plot (freq/le9, Pr knife dBm+15,'r'")

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]');ylabel ('Received Power [dBm]');

title ('Received power at mixer output due to reflections from human body and
typical targets');

legend ('Human Body at 0.5 m', 'Gun at 0.5 m', 'Knife at 0.5 m', 'Location',
'SouthWest')

figure (7);

hold on;

plot (freg/le9, Pr human dBm, 'k'")

plot (freq/le9, Pr gun 1m dBm, 'b')

plot (freq/le9, Pr knife 1m dBm, 'r'")

plot (freq/le9, Pnoise dBm, 'g')

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]');ylabel ('Received Power [dBm]');

title ('Received power at RX input due to reflections from human body and typical
targets');

legend ('Human Body at 0.5 m', 'Gun at 1 m', 'Knife at 1 m', 'Noise floor',
'Location', 'SouthWest')

—~ e~~~

figure (8);

hold on;

plot (freq/le9, Pr human dBm+15, 'k'")
plot (freqg/le9, Pr gun 1m dBm+15, 'b'")
plot (freq/le9, Pr knife 1m dBm+15,'r")
x1lim([6 18]);grid;
xlabel ('Frequency [GHz]")
legend ('Human Body at 0.5
'SouthWest')

title ('Received power at mixer output due to reflections from human body and
typical targets');

;ylabel ('Received Power [dBm]');
m', 'Gun at 1 m', 'Knife at 1 m', 'Location',

figure (9);

hold on;

plot (freq/le9, Pr human dBm, 'k'")

plot (freq/le9, Pr gun 1p5m dBm, 'b'")
plot (freq/le9, Pr knife 1p5m dBm, 'r')
plot (freq/le9, Pnoise dBm, 'g')

x1lim([6 18]);g9rid;

xlabel ('Frequency [GHz]'");ylabel ('Received Power [dBm]');

title('Received power at RX input due to reflections from human body and typical
targets');

legend ('Human Body at 0.5 m', 'Gun at 1.5 m', 'Knife at 1.5 m', 'Noise floor',
'Location', 'SouthWest')

figure (10);
hold on;
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plot (freq/le9, Pr human dBm+15, 'k'")

plot (freq/le9, Pr gun 1lp5m dBm+15, 'b')
plot (freqg/le9, Pr knife 1p5m dBm+15, 'r'")
x1lim([6 18]1);grid;
xlabel ('Frequency [GHz]'")
legend ('Human Body at 0.5
'SouthWest')

title ('Received power at mixer output due to reflections from human body and
typical targets');

;ylabel ('Received Power [dBm]');
m', 'Gun at 1.5 m', 'Knife at 1.5 m', 'Location',

figure (11);

hold on;

plot (freq/le9, Pr human dBm, 'k'")

plot (freq/le9, Pr gun 2m dBm, 'b')

plot (freq/le9, Pr knife 2m dBm,'r')

plot (freq/le9, Pnoise dBm, 'g')

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]');ylabel ('Received Power [dBm]');

title ('Received power at RX input due to reflections from human body and typical
targets');

legend ('Human Body at 0.5 m', 'Gun at 2 m', 'Knife at 2 m', 'Noise floor',
'Location', 'SouthWest')

—~ e~~~

figure (12);

hold on;

plot (freq/le9, Pr human dBm+15, 'k'")

plot (freg/le9, Pr gun 2m dBm+15,'b")

plot (freq/le9, Pr knife 2m dBm+15,'r"')

x1lim([6 18]1);grid;

xlabel ('Frequency [GHz]');ylabel ('Received Power [dBm]');

legend ('Human Body at 0.5 m', 'Gun at 2 m', 'Knife at 2 m', 'Location',
'SouthWest')

title ('Received power at mixer output due to reflections from human body and
typical targets');

figure (13);

hold on;

plot (freq/le9, Pr gun dBm-Pnoise dBm, 'b')

plot (freqg/le9, Pr knife dBm-Pnoise dBm,'r')

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]');ylabel('Signal-to-Noise Ratio [dB]');
title('SNR at RX input due to reflections from typical targets at 0.5 m
distance');

legend ('Gun', 'Knife', 'Location', 'SouthWest')

figure (14);

hold on;

plot (freqg/le%, Pr gun 1lm dBm-Pnoise dBm, 'b'")

plot (freq/le9, Pr knife 1m dBm-Pnoise dBm, 'r')

x1lim([6 18]);grid;

xlabel ('Frequency [GHz]'");ylabel('Signal-to-Noise Ratio [dB]');

title ('SNR at RX input due to reflections from typical targets at 1 m
distance') ;

legend ('Gun', 'Knife', 'Location', 'SouthWest')

figure (15);

hold on;

plot (freq/leS, Pr gun lp5m dBm-Pnoise dBm, 'b')
plot (freq/le9, Pr knife 1p5m dBm-Pnoise dBm, 'r'")
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x1lim([6 18]);grid;

xlabel ('Frequency [GHz]'");ylabel('Signal-to-Noise Ratio [dB]');

title ('SNR at RX input due to reflections from typical targets at 1.5 m
distance') ;

legend ('Gun', 'Knife', 'Location', 'SouthWest')

figure (16);

hold on;

plot (freg/le9, Pr gun 2m dBm-Pnoise dBm, 'b')

plot (freq/le9, Pr_knife 2m dBm-Pnoise dBm, 'r')

x1lim([6 18]1);grid;

xlabel ('Frequency [GHz]'");ylabel ('Signal-to-Noise Ratio [dB]');

title ('SNR at RX input due to reflections from typical targets at 2 m
distance');

legend ('Gun', 'Knife', 'Location', 'SouthWest')

B.2 Phase noise

B.2.1 Function Receiver_noise

function [N _out dBm] = Receiver noise

%% Receiver's parameters

F sw = 107 (0. 4), % F switch plus RF-cable = 4 dB
G sw = 107(0-0.4); % G switch plus RF-cable = -4 dB
F 1lna = 107(0.25); % F LNA = 2.5 dB

G lna = 107(2.8); % G LNA = 28 dB

F mix = 10" (1.05), $ F mixer = 10.5 dB

G mix = 107(0-1.2); % G mixer = -12 dB

Gtot = G mix*G lna*G_sw; % Total gain of receiver

%% Receiver's Noise factor
F=F sw+ (F lna-1)/G sw + (F mix-1)/(G _sw*G 1lna);

o

% Receiver's Noise figure
N F = 10*1oglO(F); % Noise figure of receiver

oe
oe

Receiver's Noise temperature:

TO = 290;
Tn = (F-1)*TO;

o

Ambient temperature [K]
Receiver's Noise temperature [K]

o

oo
oo

Thermal noise at receiver's input

k = 1.38e-23; % Boltzmann's constant [J/K]

B = 12e9; % Operational Bandwidth [Hz]

% Time domain:

NO = k*B*TO; % Thermal noise at receiver's input due to

environmental temp. [W]
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NO dBm = 30+10*1ogl0(NO) ;

Thermal noise at receiver's input

%% Total noise power at receiver's input

= 1.38e-23;
= 12e9;

o~
|

Time Domain:
~in = k*B*F*TO0;
W]
in dBm =
Bm]

30+10*%1oglO (N _in);

— Z — =2 o°

Q.

%% Noise Power at mixer's output

T sw = 5e-4;

% Frequency Domain:

B.2.2 Function N_ant

function [N_ant]= N_ant

oo
3]

B = 12e9;

c = 2.3e8;

P rf = 107(1.824-3);

G sw = 107(0-0.4);

G lna = 10" (2.8);

G mix = 107(0-1.2);

Grec = G mix*G_1lna*G_sw;
Iant = 107(2.5);

Tsw = 5e-4;

SS = 10" (0-12.96+2*10gl0(2));
offset

Phase noise due to antenna

N out = k*F*TO0*Gtot/T sw;

(W]

N out dBm = 30+10*1oglO(N_out);
[dBm]

o\

Boltzmann's
Operational

o

o©

Total noise

oe

Total noise

o©

Sweep Time [s]

o

Total

% Total

(R, d_ant)

constant
Bandwidth

[dBm]

[J/K]
[Hz]

power at receiver's input

power at receiver's input

scheme

noise power at receiver's output

noise power at receiver's output

reflections at mixer IF output

A° d° A° d° A d° O° o° o° o°

o©

Operational Bandwidth
Speed of electromagnetic
Power driven at antenna
G switch plus RF cable =
G LNA = 28 dB

G mixer = -12 dB

Total gain of receiver
Antenna isolation 25 dB
Sweep Time (s)

[Hz]

wave 1in RF-cables [m/s]
[Wlor 18.24 dBm

-4 dB

Single-sideband oscillator phase noise density

w.r.t. carrier [dBc/Hz];

% Phase noise correlation coefficient antenna:

=~

_ant =

4% (sin (pi*2*R*B/ (c*Tsw) .*d_ant/c)) ."2;

-129.6 dBc/Hz @ 320 Khz

% Phase noise due to antenna reflections at mixer IF output:

=

ant =

B.2.3 Function N_mix

function [N mix]= N mix

P rf*SS.*K ant.*Grec./(Tsw*Iant); %

(W]

(R, d_mix)
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oo
3]

Phase noise due to antenna

reflections at mixer IF output

B = 12e9; % Operational Bandwidth [Hz]

c = 2.3e8; % Speed of electromagnetic wave in RF-cables [m/s]

Lepl £ = 107(1.0406); % Coupling Loss Coupler 10+0.46 dB

P rf = 107(2.95); % Input Power at coupler's [W] or 29.5 dBm

G sw = 107(0-0.4); % G switch and RF-cable = -4 dB

G lna = 107(2.8); $ G LNA = 28 dB

G mix = 107(0-1.2); % G mixer = -12 dB

Grec = G mix*G lna*G_sw; % Total gain of receiver

Imix iso = 10"(2); % Mixer LO-to-RF isolation 20 dB

Tsw = 5e-4; % Sweep Time (s)

SS = 107 (0-12.96+2*10gl0(2)); % Single-sideband oscillator phase noise density
% w.r.t. carrier [dBc/Hz]; -129.6 dBc/Hz @ 320 Khz

offset

Refl = 107 ((0-10)/10); % Reflection coefficient, given 10 dB return loss

% Phase noise correlation coefficient antenna:

K mix = 4* (sin(pi*2*R*B/ (c*Tsw) .*d mix/c))."2;

% Phase noise due to antenna reflections at mixer IF output:

N mix = P_rf*(abs(Refl)”"2)*SS.*K mix*Grec/ (Tsw*Lcpl f*Lmix iso); % [W]

B.2.4 Function N_obj

function [N _obj, freqg] = N obj (R _obj, RCS obj)

%% Phase noise due to short-range object at mixer IF output

B = 12e9; % Operational Bandwidth [Hz]

c = 2.3e8; % Speed of light [m/s]

Gtx = 10*1ogl0(6/10); % Transmit Gain 6 dBi

Grx = 10*1ogl0(6/10); % Receive Gain 6 dBi

freqg = (60:180)*1e8; % range of frequencies 6-18 GHz [Hz] with 121

values

lambda = c./freq; % Wavelength [m]

P rf = 107(1.824-3); % Power driven at antenna [W] or 18.24 dBm

Tsw = 5e-4; % Sweep Time [s]

G sw = 10"(0-0.4); % G switch and RF-cable = -4 dB

G lna = 107(2.8); % G LNA = 28 dB

G mix = 107(0-1.2); $ G mixer = -12 dB

Grec = G mix*G lna*G sw; % Total gain of receiver

SS = 10" (0-11.76+2*10gl0(2)); % Single-sideband oscillator phase noise density
% w.r.t. carrier [dBc/Hz]; -117.6 dBc/Hz Q@ 80 Khz

offset

% Phase noise correlation coefficient antenna:

K obj = 4*(sin(pi*2.*R _obj*B/ (c*Tsw)*2.*R _obj/c))."2;

% Phase noise due to short-range pbject at mixer IF output:

N obj =

P rf*Gtx*Grx*SS.*K obj*Grec.*RCS_obj.* (lambda.”2) ./ ((4*pi)"3*Tsw.*R _obj."4); %

(W]
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B.2.4 Function Total_noise_power

function Total noise power

%% Common Variables

% R = (10:2:250)/100; % Range to target between 0.1 and 2.5 [m] with 121
values

%% Thermal noise and Noise figure

[Nf out dBm] = Receiver noise;

Nf out = 10" ((Nf out dBm-30)/10);

%% Phase noise due to antenna crosstalk at mixer IF output

Q

d ant = 0.05; % time diff. source-to-LO mixer port and source-to-
tx-antenna-to-rx-antenna-RF port mixer [m]

o©

[N antenna] = N _ant (R, d_ant); Phase Noise [W]
N ant dBm = 30+10*1oglO(N_antenna); % Phase Noise [dBm]

%% Phase noise due to Mixer LO leakage at mixer IF output

d mix = 4;

[N mixer]
N mix dBm

N mix (R, d mix); % Phase Noise [W]
30+10*1ogl0 (N _mixer) ; Phase Noise [dBm]

o

%% Phase noise due to short-range object at mixer IF output

o\°

RCs obj = 1; RCS of target [m"2]

o°

[N object, freq] = N obj(R,RCS_obj);
N obj dBm = 30+10*1oglO(N_object);

Phase Noise [W]
Phase Noise [dBm]

o°

%% Total Phase Noise

N ph = N antenna+N mixer+max (N object); % [W]

N tot = N _ph+Nf out; S [W]

% save ('Phase noise@IF output vs range.mat',6 'N antenna', 'N mixer', 'N object',
'N_ph', 'N tot', 'R')

% save ('Phase noise(@IF output vs delta.mat', 'N antenna', 'N mixer', 'N object',
|l

N ph','N _tot', 'delta')

%% Plot Noise vs Range

figure (1) ;
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R, 30+10*1oglO(N_antenna),'r' )
R, 30+10*1ogl0 (N mixer),'g' )
R, 30+10*1ogl0 (N object), 'b' )
R, 30+10*1ogl0 (N ph), 'k")

grid; xlabel ('Range to target [m]'); ylabel ('Noise Power [dBm]');

title ('Phase noise contributions at mixer IF output, with maximum path length
difference');

legend ('Phase noise antenna', 'Phase noise Mixer', 'Phase noise short-range
target', 'Total phase noise', 'Location', 'SouthEast')

figure (4);

hold on;

plot (R, 30+10*1oglO(N_ph),'b' )

plot (R, 30+10*1oglO(N_tot),'k' )

plot (R, Nf out dBm, 'r' )

grid; xlabel ('Range to target [m]'); ylabel ('Noise Power [dBm]');

title('Total noise spectral density at mixer IF output, with maximum path lenght
difference');

legend ('Total phase noise', 'Total Noise', 'Receiver Noise' , 'Location', 'Best')

B.3 Load and plot ADS dataset

B.3.1 Function load_and_plot_ADS_dataset

function load and plot ADS dataset

fid = fopen(strcat (‘'ADS dataset filename.txt’));
[freqg, beat signal] = extract data (fid);

%% Plot data

figure (1) ;

hold on;

plot (freq/le6,beat signal)

grid;

xlabel ('Beat Frequency [MHz]');ylabel ('Beat Signal [dBm]"'");
title('Beat signal of RF-scheme simulated in ADS')

B.3.2 Function extract_data

function [freq, beat signal] = extract data (fid)

data cellarray = textscan(fid , '%s'); % extract data in a cell-array

new cell array = data cellarray{l};

char array = char (new _cell array); Stransform data to char for better
handling

max_ index = size(char array);

freq = [1;
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beat signal = [1;

counter = 0;

for index=3:2:max index
counter
X axis (1, counter)
freq (1,counter)
end;

’

= counter+l;
= textscan(char array(index,

X axis {1,counter};

counter =0;
for index=4:2:max index
counter = counter+l;
Y axis(1l,counter) = textscan(char array(index,
beat signal (1,counter) = Y axis {1,counter};
end;
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Appendix C: Selected RF-components’
datasheets

YI1G-tuned Oscillator:

MLMH SERIES HIGH SPEED
MICRO LAMBDA YIG TUNED OSCILLATORS

= WIRELESS, INC. VX1 VME

FEATURES

+ 2-8 GHz Frequency Coverage
« B0 uS/GHz Tuning Speed

+ FMPhase Lock Port

+« 1% Linearty Uinder Swesp

« High Reliahility
DESCRIPTION

Micro Lambda, Inc. a leader in the development of next generation ¥1G devices now offers "High Speed” miniature Y15
sources covering octave and multi -octave frequencies in the 2 to 8 GHz range. Designed specifically for spead, these oscil-
lators tune 10 times faster than comventional ¥1G oscillators for new fast acquisition Test Equipment, Synthesizers, Single
Slot VX or VME based Instruments, as well as a multitude of general applications.

This series of Y15 oscillators have been specifically designed for "Fast Tuning” applications. They incorporate a low induc-
tance tuning coil in a small magnet structure covering standard frequency bands of 2-4, 3-8, 4-8 and 2-8 GHz. Performance
charactenstics of this family of oscillators is consistent with the standard MLAY-Series miniature oscillators. Typical phase
noise of a 2-B8 GHz "Fast Tune" oscillator at 100 kHz offset is -120 dBo/Hz. They provide +13 dBm power output, fre-
quency linearity under sweep conditions of 1% with a 500 us ramp. |Milizing standard analeg driver technigues with +24
‘olt & -15 Vot inputs, the tuning speed of a 2-8 GHz oscdillator is B0 uS per GHz to an accuracy of £10 MHz. With +15
Wiolt /-15 Volt driver inputs, the tuning speed is 100 us per GHz to an accuracy of £10 MHz.

ELECTRICAL AND PERFORMANCE SPECIFICATIONS

Guaranteed Specifications at —0® to +65° C Case Temperature

Model No. MLMH-0204 MLMH-0306 MLMH-0408 MLMH-0208
Frequency Ranpe. Min. 24 GHe 3EGH 4-8GHz 2-5GHz
Power Output, Min. +14 dBm +14 dBm +14 dBm +13 dBm
Power Cutput Variation, Max. +-2d8 +- 2 d8 +-2dB +-2dB
Freguency Drift ower Temperabre, Max 15MH 15MHE 15 MHz 15MH
Pulling Figure: {12 dB RL), Typ. 1hMHz 1MH 1M 1M
Pushing Figure +15 Vdc Supply, Typ. 01 MHz 01 MH 0L MH=W 0.1 MH=
-5 Ve Supply, Typ. 1 MHY 1 MHVY 1 MHzV 1 MHzV
Mapgnetc Susceptabdity @@ 60 Hz, Tyvp. 110 kHz'gauss 110 kHz'pauss 110 kHz'gauss 110 kHz'gauss
Znd Harmonic, Min -12 dBc -12 dBc -12dBc -12 dBe
Zrd Harmionic, Min. -20 dBc -20 dBc -20 dBc -20 dBe
Spurious Dutput, Min. -70 dBc: -0 dBc -7 dBc -70 dBc
Phase Moise @ 10kHz Offset -103 dBeHz -100 dBoHz -100 dBoHz -BE dBaHz
& 100kHz Oifset -123 dBcHz -123 dBcHz -120 dBoHz -120 dBoHz
Main Cod
Sensitivity, Tvp. 10 MHzimé& 10 MHz'ma 10 MHzmA 10 MHE'mA
3 dB Bandwidth, Typ. BEkHz BkHz B B
Linearity, Typ- +H- 025 % +- 025 % +- 025 % +- 0025 %
Hysteresis, Typ. INHz INHz SWHE EMHE
Input Impedance @ 1 kHz, Typ. 4 OhmJ 4 mH 4 0hmJ 4 mH 4 Chm /4 mH 4 Chm | 4 mH
FM Cod
Sensitivity, Typ. 310 kHzima 310 kHzima 210 kHzima 310 kHzima
3 dB Bandwidth, Typ. INHE INHE AME AN
Deviation @ 400 kHz Rate, Min. +- 50 MH +~ 50 MHz +- 50 MHz +- 50 MHz
Input Impedance @ 1 MHz. Typ. 023 Ohm f 1.4uH 0.3 Ohm /[ 1.4uH 003 Chrm J 1.4uH 0.3 Chm J/ 1.4uH
DC Circuit Power, Max +15 Vde +- 5t 100 ma 100 ma 100 mA 100 mA
-5Wde +- 5% SlmA E0mA BlméA 50 mA
Y15 Heater Power
Input Voitage Range +24 4~ &V +24 - &\ +24 +- 4 \dc +24 - 4\
Current Sunge/Steady State. Max. B0 mA T 25 mA 250 mA J 25 mé 250 mé J 25 mA 250 mé J 25 mA
Case Style E1-041-1 E1-041-1 B1-041-1 B1-041-1

Micro Lambda Wireless, Inc. - 48515 Landing Parkway. Fremont California 24538 * Phone (510) 770-8221 * Fax (510) 770-8213
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Sales Quotation

Date :

Customer No. : I

Doc. Number ;I TU Delft
Currency : EUR Aftn. Mr. E. Pasqua

Your Reference : NG Julianalaan 136
. 2628 BL DELFT

Dear Mr. Pasqua,

We thank you for your interest in our products and we herewith have the pleasure of sending you our quotation without
engagement in accordance with the main terms & conditions of the Instrument Branch FHI.

item Code Quantity Price VAT Totai

1 MLMH-x:00c 1 1.890,00 H 1.890,00
Oscillater, High Speed
Freguency: 3.0 - 8.0 GHz
Output Power: +14 dBm min,

Warranty : 12 manths
Country of origin ; US
Statistics number : 85288097
Manufacturer : Micro Lambda
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Frequency Doubler FDMP20401 by Teledyne Cougar:

" TELEDYNE COUGAR Rev. 5710

A Teledyne Technologies Company

0.0 GHz: INPUT

Ty plcal Values FDMP20401
Input Frequeney. . ... .. ... ... ... ....... 2.0-10.0 GHz
Qutput F_mql.lanw 4.0

ConversionLoss . ... ... . . ... ... .. ... ... 10.5 dB Cougar MixerPak for Frequency Doubler

Input Drive (nominal). ... ... ... ... ... ... .... +10.0 dBm 5

High Fundamental Supprassion .. ... .. ... .... 40.0 dBe AB0

Seam Sealed Hermetic Cougar MixerPak Package 38 [~ [21.83] a9 .18
_-I[B.ﬁ] [ sl I'_ [4.4]

T [ ] L
580 I
seeamearions Riakal SN
]
ORIENTATION “_ PRODUCT
Guaranteed EHAMFER I conNECTOR
S510485°C 33 L T aCOenECTO
Parameter Port Fraquency Typ. Max. [&.4] 2 PLACES
(GHz) (dB) (dB)
- ~,
555 Converslon Loss Ty a0 a0 10.0 115 #.080 THRU
and touT £010 180 0.0 115 [#2.03]
SSB Molse Figure i = B o THbas
480 088
2012100 105 120 [+2.19] |.: :.] r [1.36]
40w 200 105 120 o
Typ. min. * J 3z ’
(aB) (0B} ——-l— :
236 [7.91]
Suppression® o] —
Fundamental Iy 2010100 I %
Third Harmenlcs N 201040 S0 an
Iy 401080 38 =
Iy B0 10.0 a5 3z
Fitih Harmeanics N 201100 50 an
. .

* Meazured In & BI-ohm sysiem wiln nominal inpu drive of +10 dBm.
# Fundamemal and harmonic suppression i relerenced o he lundamenizl input

Storage Temperature ... ... ... .. ......... -6510 +125 °C
Peak Input Power _ ... ... ... ... ... ....... +23 dBm @ 25 °C

derata 1 +17 dBm & 100 =C
Peak Input Current @ 25°C .. ... ................ s50mA DC
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Power Amplifier by AML-Microsemi:

Frequency Gain Flatness Hoise P-1dB IP3 VSWR DC

Range {dB {=dB Figure {dBm {dBm IniOut  Current  Qutline
{GHz) min) max) (dB max) min) typ) (nom) (mA nom)

AMLG18P2301 6.0-18.0 22-26 15 7 30 a7 201

1075 SP10

A Mé o

p~ Microsemi

| 05— G —
S Ze_

_‘ 0.511 20,04, DC INPUT, +15V
MOUNTING SURFACE SMA FEMALE, RF OUT
GROUND
[r}.zwn.z?
. +I5VDOC
t LS n
- 3 0.250 —
0428 it & ‘T{ 0.428
0.303-
0.224 — F
iy 0125~ k—0.772 ~—aed
’ 4 X #0103 THRU
SMA FEMALE, RF IMN
T T T T
e %_:_. —_ CATALDG, @H!
HOTES: = - - w2 tﬁi::n e o
1. MARK LABEL (003-0231) AS SHOWN. MARK SERIAL | A uer e o o e e e R
WUMBER, DATE CODE AMD MODEL NUMBER o  E— B D < ot O
A5 PER TRAVELER. = oy e me— i e | =
00 HOT SCALE DRAWIHG === & s e Ty S e o] EOE-01ED -
=

FEER G-l TH EEE BORTH
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Power Amplifier model n. A2CP18629, by Teledyne Cougar:
"~‘ TELEDYNE COUGAR Typical and guaranteed specifications vary versus frequency;

A Teledyne Technologies Company

High Perfarman%
Typical and Guaranieed Specifications 'em

see detailed data sheets for specification variations.

i ) ) o Power Qutput Rev. | Intercept
Small S:ianaI Gain Gain Flatness Noise Figure At 1dB Compression | Iso. Point SWR
+dB dB dBm dB dBm In/Out D.C.

Frequenc
Model "g'ﬂﬁey Min.  Min. Max.  Max. Max. Max. Min.  Min. 3rd/2nd Max. Max. Volts mA

GHz Typ. 0/50C -55/85C | 0/50C -55/85C | Typ. 0/50C -55/85C | Typ. 0/50C -55/85C |Typ. Typ. 0/50C -55/85C | Nom. Typ.
A2CP18629| 6.0-180 | 150 135 125 15 15 45 65 70 285 270 260 35 36/45 20 20 12 350
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Directional Coupler CD-602-183-20S-R by Miteq:

Model: CD-602-183-10S-R ([prir=cy:

Add To Quote

L J
Dag L__APPLICATION REVISIONG
Description NI [NEXT assﬂl USED DN | LTR | DESCRIPTION [ DaTE [ aperOVED
Coupler C [incorparated ECM 10328 [ 10//8 ] 7. Mo
Features
Uni-directional v
ROHS v
SMb FEMALE
COMNECTORS
Frequency Range 4 PLACES
Frequency Minimum 6000 (MHz) 1.000 [25.40] y 196 [4.58]
Frequency Max 18000 (MHz 1 '
quency (MHz) 775 [19.68] L i
- e I
Electrical Specifications 250 [6.38] = — | COMNECTOR
Coupling 10 (db) |
Frequency Flatness 156 (dB) 560 [14.22]
o 375 [9.83) TYP. 509 [12,70]
Directivity 12 (dB) I
. i i -1 TERe 1.
Insertion Loss (True) 12 (dB) Lﬂﬂ 3 .i&n_ |
- 13- 8]
VSWR Primary 1.4:1 (Ratio) X | ﬁl .
VSWR Secondary 1.6:1 (Ratio) | 225 [5.72] d 075 [1.89] —f @ QONNECTOR -
Average Power m 500 [12.70] =——~| \ a.109 [p277] 1= |~ -220 [5.59)
Peak Power 1 (W) MOUNTING | 410 [10.41]
HOLE
Temperature Ranges
Specs Guaranteed 25 {*C) NOTE:
Operating Maximum -55t0 85 (*C) 1. MATERIAL: ALUMINUM ALLOY &061-T6
Storage Maximum -65 to 100 (°C) 2. FINISH: TRIVALENT CHROME CONVERSION
1AW MIL-DTL-58%41F, TYPE 1l, CLASS-3
Humidity
NonCondensing [}
ALl PAGES aRE OF| 70 "
N Ny T , @Mrraq
ac ] . EXCERT a5 MITED. | eRer Br o 05 ool (mﬁ 100 Dawids Orive. Houppauge, Mes York 1783
Package Coaxial BT T Hamnan |10/ OLTLINE DRAWING,
- DIRECTICNAL COUPLER,
Delivery Euk W Bawidsas | 10/23/08 CD-602-183-105
i S[ZE | CODE IDENT. nOJ = -
Delivery 60 Days APPROVAL (RO} 2 33592 ‘] DC} 6 Dj U
RPFRIYN ST SCALE |rev. & [seeer 1 oF 1
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10-way Power Divider, model n. PS10-11, by Microwave Communications Laboratories, Inc.:

10-Way Power Divider and Combiner (PS10 Series)

FEATURES:

» High Isolation, High Reliability
* Low Insertion Loss, Low VSWR
» Ultra Wide band

» Stripline Construction

AMPLITUDE POWER
MODEL FREQUENCY  INSERTION | ISOLATION VSWR BALANCE AVERAGE
NUMBER RANGE LOSS (dB) In/Out (+1- (Watts)
GH dB) Max. Min. Max.
(GHz) | (dB) Max " - dB) Max. | Load VSWR
P510-11 6-18 3.8 10 2.00:1/1.90:1 1.9 10@1.20:1
4 3 - 2 | 1
[ o
[T | ] = o
D +.500 [124.46] 375 [9.53] REF D
100 [2.54] |--2.450 [62.23] TYP | 1 Fﬂm [10.16]
_| e B L
B 500 [12.70] TYP i
NN
2.400 [50.96] -H
H 118 SMA FEMALE
C s C
5,000 [127.00] &= 5.000 [127.00]
4,800 [12182] 'g
» :g 3
-H—L N
B 2% 8,149 [#3.78] THRU—— 250 [6.35] n'pJ 200 [5.08] VP B
SPECIFICATIONS:
Frequency Ronge: &-18 GHz
1 Ingartion Loss: 3.BdBE Min.
lsclation: 10<B Min. ‘.T' .i'.' BRI e }-miﬁ
VSWR Input/Output: 2.00:1,/1.90:1 Max. mmmw e T
Amplitude Balonce: +£1.9d8 Max. I%[?QF”“ 10-WAY POWER DMIDER
A Input Power: 10 Watts (Lood vawr @ 1.2) = == Eﬁ"" o PS10-11
Palboon Liskhamban | ba-se—soat B 'E-'H—-_.. = - ——
=3 W
T. Nguyen e @ = op2Ls R — L)
4 | 3 2 I 1
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1Q Mixer model n. IRM0618HC2Q, by MITEQ:

4

e — . .-/I
IT-q+ 100 Dadds Drive, Hawppauge, WY 11788 = TEL: (B31) 436-7400 = FAN: (B31) 435-7430 - www.miieg com

MODELS: IRMOB18LC2A, IRMOE18LC2B, IRMOE18LC2C AND

FEATURES

* RF/LO coverage .........
+ IF operation ...
+ Conversion loss.............
* Image rejection. ...

IRMIOE1BLC20

coneneee B 10 18 GHZ
coneeneee DG 1o 0.5 GHz
ceennees 3 B typical
v 20 dB typical

6 TO 18 GHz IMAGE REJECTION OR 1/ MIXERS

ELECTRICAL SPECIFICATIONS

INPUT PARAMETERS CONDITION UNITS MIN. TR WU,
AF frequency range GHz § 18
AF VEWA (AF = -10 dBmi) Aatio 21
LC frequency range GHz i 18
L powear range IAMIS13LC2 dBmi +10 +12 +13

IAMDE13MC2 dEm +13 +15 +16
IRMOG1EHC2 dBmi +17 +18 +20
L WEWH Hatio 2.5:1
TRANSFER CHARACTERIETICS CONDITION UNITE MIN. TR MU,
Conversion loss (Nole 1) AF = LD dBmi : 10
IRMOG18LC20 a8 12 13
Singla-sldaband nolsa figura d8 10.5
Imapge rejection (Nata 1) AF < LD a8 16 20
LO-to-AF leolation a8 16 20
LC-o-IF lsokation a8 20
Input power at 1 dB compraesion IAMDE18LC2 dBm +6
IAMDE1 BMC2 dBm +i0
IRMOE1BHC2 dBmi +15
Input two-ione thind-order Intercapt point IAMODE1ELC2 dBm +18
IAMDE13MC2 dBm +20
IRMOE{BHCE dBm 25
Ampiiiude balance IRMOE18LC20 a8 .5
Phzse balance IAMOE18LC20 Ceprees ral]
Truth tabile IAMDE18LC20 PORT RF < LO| RF = LO
| o 90
Q -8 0

OUTPUT PARAMETERE CONDITION UNITE MIN. ™R UL,

IF trequency (Image rejection mode) IRMOG1ELC2A MHZ 20 A0

IRMOE1BLC2E MHz 4 Bl

IAMIS1ELCAC MHZ 100 200

IF trequency (QIFM, LD demaodulator mode] IRMDE18LC20 MHz oc E00
'\‘_ IF VEWR (IF = -10 dBEm) Ratio 1.51 _/,
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4

..\\-. A— -
@—Lw IT-q 100 Dvids Drive, Hauppauge, WY 11768 = TEL: (E31) 436-T400 = FAN: (B31) 436-T430 - www.mieq.com

IRMOG18LC2C TYPICAL TEST DATA

VEWR IMAGE REJECTIOM/COMVERSIDN LOSS
L0 - +10 dBm] . L0 - +10 dBm/IF - 150 MHz)
[ 1 [ 1]
— o T T ]

5 g1 CONNERSION LOSS — %
=3 &
o g m .- — = | 4F
3 = h = =
£ a4 g 0 IMAGE REECTION E
o - . — L0 b
= — L — ﬁ &

2 (= = ) =

—— FF-.. e e o =

14 50

3 a4 108 132 156 18 B B4 08 13z 156 18
FREQLENCY (EHz) FREQUENCY {GHz)
AMPLITINNE AND PHASE BALANCE LO-TO-AF ISOLATION
] [0, L0 - +10 dBm) 0 {L0 - +10 dBem)
8 45 =
= B = 2
=
gZ-15 &
2 3 = 4 _ = SN PN N e
3 8.4 08 132 156 18 g2 —h/ T W
Z 30 5 &
E*E 15 E
EE 0 = =+ — [ R D — &
= -5
=30 100
& 8.4 0.8 132 156 18 3 8.4 108 132 156 18
FREQUENCY (GH) FREQUIENCY [GHz)
MAXIMUM RATINGS GENERAL NOTES
Spectication tBmparatre. .............. 1. Stancand catalog unk aligned and tested for guarantsed
Operating temperature ... .. =54 tn +85°C AF = LD parfomanca. RF « LO guaranbaed pefomsance
Siorape temparstre ... -85 to +125°C iz avaliabie, pleage contact MITED.

2. For upconvener applications, pleass order Model Numbar
SEMDE18 Seres. Sea Modulaior saction of catalog.

MOTE: Test dats supplied at 26°C; conversion loss, LO-to-RF lsolation,
Imapge rejaction [IF Options A, B and C), phasa and ampiitude balance (IF Opan Q).

OUTLINE DRAWINGS
IRMOG18LC2A, B and © IRMOG18LC2G
2oopam ImpEn
s :|—| o 1550 A |

m{anﬂ: o EI_II— 'r"-'

% i L.
I D, 34 WTE HOLE
e RS

IMAGE REJECTION GQIFM, |/G DEMODULATOR

'\h NOTE: All dimensions shown in brackets [ ] are in milemeien. d/‘l

130

~

1]
A




Low Noise Amplifier, model n. CBL06182825, by Cernex, Inc.:

CERNEX, Inc.,

Broadband Low Noise Amplifiers

FEATURES:

Coverage From 0.01 to 110.0 GHz
(Octave/Multioctave)

Moise Figure As Low As 1.5 dB

Wide Dynamic Range

Compact/Rugged Thin-Film Construction
Economically Priced

L

DESCRIPTION: CBL Series

Cemex’s CBL series are general purpose amplifiers suitable for a wide range of applications in
commercial and military systems where low to high gain block amplifiers are required. CBL series are
compact, rugged, and may be designed into commercial and military systems where stringent
environments are encountered.

SPECIFICATIONS:

CBLDG132825 6-18 28 1.50 250 15 2:1 200 HM4 &
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SP6T Switch by G.T. Microwave:
G.T Microwave Features:
Freguency Ranges: From 100 MHz to 24 GHz any optimized bandwidth is available.
TTL Compatible Logic: Logic “1' = Isolation and Logic '0" = Insertion Loss. For switches without TTL
driver, +1¥DC @ +50mA = |solation and -1VDC @ -50mA = Insertion Loss. For logic options, please
consult factory.
High Speed Switching: Switches listed are measured from 50% TTL to 10% / 90% RF.
Low DC Power Consumption: Switches with TTL drivers require + SVDC @ +250/ -7T5mA
High RF Power Handling: For power levels greater than listed please consult factory.

Absorptive Switches: On these models the J2 — J7 ports are NON-REFLECTIVE.

Standard Interfaces: RF port connectors are 'SMA' | female per MIL-C-39012. DC/LOGIC connections
are solder terminals. Call factory for optional connectors.

Matched Phase & Amplitude: Models listed are available with matched ports. Otherwise add .25 dB
loss to ports J2 & J7.

Electrical Specifications for REFLECTIVE and ABSORPTIVE switches — SPGT

FREQ. |ISOLATION | INSERTION LOSS | INSERTION LOSS | INSERTION LOSS |[V.SWR.| INPUT
RANGE dB dB & SWITCHING | dB & SWITCHING | dB & SWITCHING | MAX | POWER
GHz SPEED SPEED SPEED WATTS
REFL|ABSP|uSEC |REFL [ABSP|nSEC|REFL|ABSF|nSEC TYP |MAX
30 24 | 28 26 | 3.0 27 | 31
6.0-18.0 60 26 | 30 | 10 | 28 | 32 | 100 | 29 | 33 | 30 201 (02|10
&0 28 | 3.2 30 | 34 31| 35
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SP10T Switch by Herley Microwave:

Model 2553-B39 SP10T Switch
Specifications

PERFORMANCE SPECIFICATIONS
FREQUENCY RANGE
(GHz)
CHARACTERISTIC 6.0 12.0
to to
12.0 18.0
Min. Isolation (dB) 70 70
Max. Inzertion Loss (dB) 4.3 5.6
Max. VSEWR one port ON 2.0:1 2.0:1
Max.VSWR OFF 2.2:1 2.2:1
Amplitude Matching
{between ports) ... +1.2dB
Phase Matching
{between ports)....... £30°
Switching Time
i 700 nsec max.
700 nzec max.
Power Handling Capability
Without Performance
Degradation............600 mW cw or peak
Survival Power ._...._...1.5W cw
Power Supply Requirements
+3V 5%, 350 mA max
=12V £5%, 100 mA max
Control Characteristics
Control Input
Impedance __...............Schottky TTL, two unit loads. (& unit load iz 2 mA sink current
and 50 ph source current.)
Control logic ..............._Logic *0" (0.3 to +0.8V) for “ON" state. Logic “1" (+2.0 to +5.0V)
for “OFF” state.
Operating Temperature...._.._.0°C to +70°C
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List of Acronyms

ADC: Analog-to-Digital Converter

ADS: Advanced Design System.

AM: Amplitude Modulation.

ATOM: Airport detection and Tracking Of dangerous Materials by passive and active
SeNsors arrays.

BPF: Band-Pass Filter.

CW: Continuous Wave.

DUCAT: Delft University Chamber for Antenna Tests.

EEMCS: Electrical Engineering, Mathematics, and Computer Engineering.

EIRP: Equivalent Isotropic Radiated Power.

FFC: Federal Communications Commission.

FM: Frequency Modulation.

FMCW: Frequency Modulated Continuous Wave.

LO: Local Oscillator.

LPF: Low-Pass Filter.

MIMO: Multiple Input Multiple Output.

MMW: MilliMeter Wave

MTS-R: Microwave Technology and Systems for Radar.

PSD: Power Spectral Density.

RAR: Real Aperture Radar.

RCS: Radar Cross Section.

RF: Radar Frequency.

SAR: Synthetic Aperture Radar.

SFCW: Stepped Frequency Continuous Wave.

SNR: Signal-to-Noise Ratio.

UWRB: Ultra Wide-Band.

VCO: Voltage Controlled Oscillator.

YIG: Yttrium Iron Garnet.

YTO: YIG-tuned Oscillator.
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