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Chapter 1

Introduction

1.1 Context

The presence of the yellow-legged Asian hornet (Vespa velutina nigrithorax) in Europe
was first reported in 2004 in the south of France. Since then, it has spread throughout
multiple European countries, namely Belgium, Spain, Portugal, Italy and Germany [25].

An invasive alien specie (IAS) can have dramatic consequences on human communities
and on the invaded region ecosystem. As an example, the Asian hornet invasion has an
impact on well-being (risk of stings, fear, etc.), honey related industries and pollination
dependent industries.

Multiple studies have estimated the yearly cost of these impact using models. The
global cost was estimated at: 2.8M€ for the honey industry|27] (in the best case), 12M€
in control and surveillance (in France)[2] and 10M€ due to the reduction in pollination[§]
(in Spain, Italy and Portugal).

Additionally, researcher have predicted the evolution of the suitability for the Asian
hornet of the Europe due to climate change. They show that the European climate will
become even more suitable for the Asian hornet 3 9]. This outlines that the Asian
will not stay contained in the already conquered territories (West Europe) and should
propagate throughout Europe.

The vespa velutina nigrithorax has been added to the list of invasive alien species (IAS)
in 2016 (EU Reg. 1141/2016). Since then, EU members must adopt surveillance plan
and control strategies for the Asian hornet according to the regulation on IAS (EU Reg.
1143/2014).

One example of surveillance network is the notification system (NOTSYS) of the
European Alien Species Information Network (EASIN) When an TAS is spotted, one can
send an notification to the information network to repertoriate the spread of the species.
This system is illustrated for the vespa velutina nigrithorax during the year 2024 in [I.1]

There exist multiple ways of controlling the Asian hornet. This includes traps, baits
and nest destruction. In this work, we will focus on nest destruction.

One can search for hornet nest using different methods. It can be as simple as visually
looking for nest. Unfortunately, this method is also very inefficient as hornet nest are
usually hidden behind foliage or walls. Furthermore, Asian hornets foraging range can be
of several kilometers. The search radius is then very large.
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Figure 1.1: Map representing the spread of the vespa velutina nigrithorax in Furopa in
2024. Yellow dots represent reference data and red dots represent sighting alerts passed
through NOTSYS in 2024[7].

The idea of Asian hornet tracking aims to reduce the search area by following the hornet
directly to its nest thanks to its homing instinct. The method used to achieve tracking of
small insects are: visual tags, radio-telemetry or using an harmonic RADAR.

We will focus on the harmonic RADAR technology for its low tag cost and tag weight
and the possibility to continue tracking even if the target goes behind a thin layer of
leaves. Its main downside is its low range. An harmonic RADAR is similar to a classical
RADAR in that it obtain inversion about the target using a signal that was reflected on it.
The difference is that a tag is placed on the target to modify the frequency of the signal.
The harmonic RADAR then receive a signal that is an harmonic of the emitted signal
(usually the second). The received signal can then be easily separated from the emitted
signal and its reflection on non-target object (using an high pass filter). This harmonic
conversion is usually performed using a non-linear device such has a diode as seen in
figure [1.2] Unfortunately, we also see that the power at the second harmonics is low as
the total power is spread into many harmonic components which create an additional
signal attenuation. This attenuation lead to a smaller detection range.

Currently, hornet tracking is done using a static RADAR or handheld antenna (e.g.
[19]). In the case of an harmonic RADAR, these techniques suffers greatly from the
limited range. Therefore, we consider the use of an harmonic RADAR mounted on a UAV
to be able to follow the target and keep it inside the range. This allows to perform the
tracking even if the RADAR range is small.

In this work, we aim at designing a first harmonic RADAR prototype (similar to [19,
31]) to explore the use of UAV for hornet tracking. It must have a low weight such that it
can be carried by lower class drones to have more freedom with respect to the legislation.
The range might be low but should still allow for basic tests (e.g. flying around a static
target while detecting its position). We also develop the equations of the system for future
use.

We first compare the harmonic RADAR technology with other tracking technologies
to better situate this technology. We also how certain technology can be used conjointly



—— Numerical

® Analytical
0.20 1

0.501

o
HA
[

0.25 9

0.00 q

o
=
o

Amplitude [V]
Amplitude [V]

=0.25 1

—0.50 -

o
o
@

=0.75 4

L
0o o5 10 15 2.0 25 30 6 -4 2 0 2 4 6
Time [s] le-8 Relative frequency [f/f0]

—1.00 4

(a) Sinusoidal signal of unit amplitude cropped by a(b) Amplitude of the output signal in the frequency
diode with a forward voltage of 0.3 domain

Figure 1.2

with an harmonic RADAR.

Secondly, we discuss about the practical aspect of the application. We explicit the
tracking strategy, present some limiting characteristics of Asian hornet and regulations.
We also choose how the drone is positioned with the target during tracking as it has
consequences on the system design.

Thirdly, we write the link budget and obtain the theoretical range of the system. The
FMCW RADAR equations are also developed. From them, we obtain the parameters
estimator and a value for the minimum SNR required at the receiver to use in the link
budget.

Then, the different parts of the system (RF circuits and antenna) are designed and
prototypes are built.

Finally, the prototype main characteristics are measured to determine its performance
and maximum range. Additionally, non-idealities are presented and their effects on the
system are discussed.



Chapter 2

Comparison with other embedded
alternatives

There are many possible ways to prevent the invasion of the yellow-legged Asian hornet
and stop its damage. They range from defensive approach such as protecting the hives
with nets to offensive approach such as tracking and destroying the nests. These diverse
solutions were explored and compared in a previous work [35].

In this work, we will limit ourselves on tracking systems that can and have been mounted
on UAVs. There are a lot of devices and systems that can potentially help find and detect
the nest of Asian hornets. The most intuitive and direct one is visual tracking as UAVs
are often equipped with a camera to allow out-of-sight driving of the drone. More complex
techniques consist of tagging the hornet with a active or passive emitter and tracking it
using dedicated equipment.

These additional equipment can be considered as payloads and impact the flight
capabilities of the UAV. Some constraints and limitations of these equipment can therefore
be listed:

o Low weight: The total weight of the equipment must be lower than the maximum
payload weight of the drone. Additionally, the flight duration is directly proportional
to the total weight of the UAV. Furthermore, the higher the weight, the higher the
exerted downward trust. We can then assume that the minimum distance between
the UAV and the target to prevent the flight behavior to be perturbed is increased.
The weight of the embedded equipment must thus be minimized.

e Limited power consumption: similarly, the more power is consumed by the
payload, the shorter is the maximum flight duration.

e Limited footprint and good balanceﬂ: bulky payloads and imbalances can
greatly reduce the maneuverability of the UAV. This maneuverability is important
in a context of tracking a fast moving hornet.

Examples of devices that meet these constraints are low-range radars, radio-telemetry,
optical equipment, infrared cameras, etc.. In the following sections, we will presents these
in more details and compare them with the harmonic radar.

LCounterweights can be added but must be taken into account to not exceed the weight limit



2.1 Optical and camera tracking

For a long time, insects were tracked visually with binocular and eyes only. With the
advance of technology and, more precisely, cameras, new possibilities are unlocked beyond
the limited field of view (FOV) of a human.

The integration of such a technique with UAV is very easy as professional UAV always
have an embedded camera as a mean of piloting the drone even when it is beyond line
of sight (not that direct line of sight must be maintained for drone in the open category
see section . There are thus, a priori, no additional cost for this technique and
many commercial products are available. The cost is minimized for a very simple optical
tracking.

Unfortunately, in our application, the target is of very small size. As real time tracking
with a UAV require a large FOV to avoid obstacles, an hornet can hardly be distinguished
from the background on the screen. In the litterature, researchers have successfully
tracked and identified multiple untagged bees species and hornets in a controlled and
static environment[10]. The aim of such research was to detect the presence of hornets in
the proximity of an apiary.

Furthermore, in our application, the background is always changing and unpredictable,
which could greatly reduce the effectiveness of such a tracking method.

This led people to make the hornets more visible using piece of paper or retro-reflective
tags[30]. A more advanced optical tracking techniques uses luminescent tags emitting a
wavelength that is filtered by the atmosphere (i.e. a low amount of signals at this frequency
are present in the background) and tracks it using an additional camera equipped with a
filter that rejects all other frequencies|32].

The downside of this is that physical obstacle and background parasitic reflections can
lead to a target loss. Furthermore, if the pilot is distracted for a split second, it could
easily lose the target if it is not clearly displayed on the visual interface.

Using identification techniques, we could track the target even when it is not very
visible on the screen. This would require running code or AI models to monitor the visual
feed and highlight the target and therefore add a delay in the detection chain. As we are
in a real-time application, this delay could be dramatic if too long.

2.2 Traditional RADARs

A RAdio Detection And Ranging system is a device that emits a pulse or wave at
radiofrequency to extract some characteristic about a target. This principle is illustrated
in figure 2.1}

The extracted characteristic are usually the speed, the range and the direction of the
target. First, the Doppler effect is used to extract the speed of the target from the change
in frequency undergone by the signal. Secondly, the range is estimated quite differently
depending on the type of RADAR. They can be divided in two main categorie} the
pulsed or Continuous Wave (CW). A pulsed RADAR uses the delay the emitted and

2At this level, the harmonic RADAR is not a category of RADAR. Indeed, harmonic refers to the
difference in emitted and receive frequency. A harmonic radar can use either the pulsed or CW method.
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Figure 2.1: Basic operating principle of a radar

received pulse to determine the distance. A CW RADAR uses modulation techniques and
difference in emitted and received wave to determine the distance.

Finally, some RADAR also estimates the angles of the direction. This is done by
varying the direction of the main lobe of the antenna and taking the angle of the maximum
received signal. It can be implemented in 1D or 2D (azimuthal and/or elevation) depending
on the need of the application.

These devices have various limitations due to their operating principle. Indeed, all
elements in the field of view of the RADAR can potentially reflect the signal. The power
reflected by the target must then be compared to the one reflected by the background.
This power depends on multiple characteristic of the target such as physical area, material,
angle etc..

We can take a look at a figure of merit that summarize all these properties, the RADAR
cross section (RCS). It is defined as the equivalent cross section area of a perfectly reflecting
sphere that would produce the same signal strength at the radar.

In the case of insect tracking, the target is of very small dimensions. We can assume
that it has a very low RCS even more so compared to large buildings and metallic objects.
This means that the incident power and reflected by the target is quite small. The system
must then be very sensitive to allow the signal to be detected from a long range.

Many processing techniques allows to remove the background impact on the signal
(e.g. Moving Target Identification). However, as the background generate a very large
signal, it can overload the very sensitive receiver.

This makes it impossible to use RADAR for small insects tracking.

2.3 Thermal camera

The nest of some species of hornets is maintained at a constant temperature between 28°
and 30°C[1§]. We can thus assume a temperature difference with its environment.
People have studied the viability of thermal imaging in the search of Asian hornet
nest[1§]. They took picture of vespa velutina nigrithorax at multiple distance, angle and
hour of the day. Then they estimated the visibility of the nest.
They observed that the time of the day where the nest are more visible before sunrise or
in the evening. Furthermore, the presence of a tree canopy greatly reduce the detectability



Figure 2.2: Image of an hornet nest taken with an thermal camera[1§]. It is localized high
in a tree and behind the canopy but is still clearly visible.

of the nests. However, when no dense obstacle are in front of the nest, some were visible
up to 30m.

Due to their small size and weight, this type of camera can easily be mounted on
an UAV. This could potentially help in finding nest located high up in the trees (10m
to 30m high). This could allow to overfly trees and vegetation to detect nest that are
hidden behind tree canopies and are hidden from optical cameras. The effectiveness of
this solution greatly depends on the location of the nest. Indeed, if the nest is hidden
deep in the tree canopy, it will become hardly visible. In this case, thermal camera are
better used from the ground.

The drawback of this method is that the search has to be done in the whole area
of interest (i.e. a circle around the apiary of radius equal to the foraging range of the
Asian hornet). As the foraging range of the yellow-legged Asian hornet can be of several
kilometers (up to 2.3 km)[17], the search area can be very large.

Therefore, this technique is best suited to pinpoint the exact location of the nest when
the area of interest has been reduced and shoud be used in conjonction with other tracking
techniques.

2.4 Radio telemetry

Radio telemetry is a technique using small radio transmitter tag attached to the target.
The tag will then emit a signal which will be localized using RSSI (received signal strength
indication). The localization consist of finding the direction of maximum received signal
strength and deducting the distance to the target using a path loss approximation.

Radio-telemetry has been widely used to track a large variety of animals. It is a very
mature technology that has proven its effectiveness in wildlife tracking.
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This technique has a lot of advantages. The initial investment (cost of the receiver
and embedded equipment) is relatively low. The range of detection is also very large
(in kilometers). Additionally, multiple targets can be uniquely differentiated using an
identification code emitted by each tag.

However, due to the active nature of the tag, its weight is dramatically increased as it
must carry a battery. Furthermore, each tag has a limited lifespan and a short shelf life
while being costly and usually single-use. This lead to a large cost over time compared to
the other techniques despite the low initial cost [33].

Researchers are developing more lightweight (30mg) radio-telemetry tags by using smaller
battery and energy harvesting techniques. This outlines the possible application of
radio telemetry for small insects and could still be improved to compensate its shortcoming.

This technology has already been commercialized in the context of Asian hornet tracking.

One such example is LOCNEST by Intuite [11]. This project offers radio-telemetry

tag to track Asian hornets using hand-held antennas. The system specifications are: a
range of 3 to 4 km, a tag autonomy of 3h, tag weight of 0.12 g.

Figure 2.3: LOCNEST radio-telemetry tag glued to the back of an Asian hornet. The
weight of the tag is 0.12 mg and its autonomy is 3h.

This system is composed of a transmitter kit and a receiver kit. The receiver kit
contains a tag (55€) and a rechargeable battery (8€). The transmitter kit (262€) contains
the antenna and the SDR Kkit.

We see that the price of the tag is quite significant (one fifth of the receiver kit). Even
though it is reusable, in the case of an unsuccessful retrieval, this cost must be paid again
which can lead to non-negligible expense.

Still, this solution seems to be accessible for people, such as beekeeper or farmers, that
wants to get read of Asian hornets in the vicinity of their workplace.
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2.5 Summary

Many different technologies can be used to tracks small insects such as Asian hornets.
They all have their strength and inconvenient and could be used conjointly to increase
the success rate of nest finding (e.g. Thermal imagery can be used to pinpoint the nest
once a small area is delimited by radio telemetry).

The current technologies used for tracking Asian hornet include harmonic radar (e.g.
Life STOPVESPA project in Italy) or radio-telemetry (LOCNEST in France). In these
two examples, the tracking is done from the ground using a static RADAR or a handheld
antenna.

In this work, we will explore the possibility of using these technology in an embedded
system on a unmanned aerial vehicle (UAV). We focus on the harmonic RADAR technology
as an UAV can compensate for its biggest weakness: its small range.
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Chapter 3

Tracking context and global design
choice

In this section, we will discuss about the context of Asian hornet tracking to better
understand what are the requirement of the system. We will first talk about the basic
tracking strategy and some information about the practical tracking of hornets. Then, we
will

3.1 Overview

In this section, we will explain the basic of the methodology and what we have to take
into account when tracking the yellow-legged Asian hornet. This is important to justify
design choices and predict limitations. see the different global position the drone can take
and deduce how the system must be designed for a chosen position.

3.1.1 Basic idea of strategy

The basic idea of the methodology is as following. A bait station is placed near the place
were the sighting of the Asian hornet was reported. A hornet is captured and tagged. It
is then released so that it can hopefully go back to its nest. Finally, an UAV equipped
with the harmonic radar follows the hornet up to its nest.

Special care has to be taken for situation where the last part (UAV tracking) was
interrupted due to having lost the target. This can correspond to multiple situations:
The target has left the range of detection of the radar; The target got behind an obstacle
that prevent its detection; The nest was reached but is hidden behind a wall, foliage or
underground.

In this cases, we have multiple options to resume the tracking. First, the pilot can
decide to begin a global search in the vicinity of the last known position of the target and
try to find it back supposing that it did not left the operational range of the RADAR.
Secondly, if the nest was supposedly reached, a thorough visual search can be done at the
cost of completely losing the target. The last resort is to begin the whole tracking again
either by tagging a new hornet or by setting up a new bait station near the end of the
track.

13



This idea should be refined by experiments to take into account practical aspects of the
tracking. More complex ideas could also be explored such as tagging multiple hornets for
resilience. In this case, it may be necessary to distinguish between hornets which is not
inherent for harmonic radars (as opposed with radio telemetry). Processing techniques
such as Kalmann filters can also help with target differentiation even if tag signals are not
distinguishable between one another.

Nevertheless, it gives an idea of the basic requirements needed to fulfill an Asian hornet
tracking.

3.1.2 Yellow-legged Asian hornet flight characteristics

In this subsection, we will gives some numerical characteristics of the flight of the Asian
hornet. It is important to have data about the target to be able to track it efficiently.

One very important characteristic is the maximum payload a hornet can carry without
impeding its flight capability.

In [15], they determined the maximum payload by successively increasing the payload
weight from Omg to 350 mg They found found that above 250 mg, the majority of hornets
could not fly properly.

This characteristic directly impact the system. For an harmonic radar, it inherently
limit the minimum carrier frequency. Indeed, the weight of the tag can be assumed to be
linear to its length which depends directly on the frequency.

Other important characteristics include the speed, flight duration, flight distance, etc.
These directly impact the choice of drone and must therefore be explicited. These are
summarized in table B.1l

Other flight characteristics that are of interest are, for example, the total and average
resting time. Unfortunately, we did not find any data about these in the literature.

Flight speed | Flight speed | Foraging range
(nest to apiary) | (apiary to nest)
6.66 +2.31[2] | 4.06 £ 1.34[2] | 395 & 208[m]

Table 3.1: Different flight characteristic of the yellow-legged Asian hornet obtained through
tracking in [17]

3.1.3 Tracking environment and regulations

Another important aspect to take into account while tracking using an aerial vehicle is
the environment of the search area. It concerns all the obstacles and topology as well as
all the regulations in place.

The terrain, wherein the search area can be, is very diverse in nature. Indeed, the nest
of v. velutina nigrithorax can be located in urban as well as rural areas depending on its
development state[15]. The consequence is that the system must be adapted for all these
terrain.

In a rural area, the UAV must navigate between trees and vegetation. The tag signal
could also be attenuated by foliage.

14



In an urban area, reflections caused by metallic object could be mistaken as target.
For an ideal harmonic radar, these reflections of fundamental signal are discarded by the
receiving chain. However, in a real circuit, as some amount of signal at the harmonic
frequency can still be emitted by the transmitter, it could impact the system. Another
problem with urban area is the proximity with people. Indeed, depending on the class of
drone, a minimal horizontal distance from people must be maintained

We will now take a quick look at the law and regulation about UAV in operation. The
most basic limitation is that flying over restricted or private area is forbidden.

For the more specific rules, drones are divided in multiple categories by the European
union Aviation Safety Agency (EASA): open, specific and certified. In this work, we
will only take a look at the open category where the operations classified as low risk
fall in. The open category has multiple basic rules. First, direct line of sight with the
UAV must be maintained during the complete duration of the operation. Secondly, the
distance from the ground of the drone may not exceed 120 m at any point of the operation.
Thirdly, the UAV can not be flown above a large group of people. It must also not carry
dangerous goods nor drop it during operation. The main advantage of this category is no
authorization are required before operation nor declaration from the UAV operator.

This category is further divided in 3 subcategory: A1,A2,A3. The main discriminator
between these subcategory is the takeoff weight of the drone. The A1l subcategory has a
takeoff weight limit of 500g. The limit for the A2 and A3 subcategory are 4 kg and 25 kg
respectively.

The main differences between these subcategory is the minimum horizontal distance
with people (30m for A2 and 1:1 rule with height for A3) and the need for a pilot
registration (required for A2 and A3).

If these restriction are too limiting (e.g the line of sight requirement) the system
operation, we must look into a higher category such as the specific category.

3.2 Drone position

In this section we will compare two drone position with respect with the target during
tracking: above the target and behind the target. We will see that these two possibilities
are quite different from a system point of view.

3.2.1 Above the target

This configuration is typically used in avalanche rescue missions. This application is
characterized by non-moving target buried into meters of snow. The "from above"
configuration allows to quickly scan a large area while minimizing the slope gradient
impact and allowing the RF wave to deeply penetrate the snow using a low frequency
signal.

In this case, the radar primarily serves as a presence detection equipment. It is used
to know if there is someone (or more precisely a tag) trapped under the snow. It could
also measure the distance between the radar and the target to estimates under how many
meters of snow it is buried.

15



We will now study more precisely the characteristics of this configuration in the context
of our application.

As said before, typical RADAR usually measure distance and speed. However, in this
case, these are not of interest for our application. Indeed, an efficient tracking require to
know or estimate the direction and movement of the target. Here we want to track the
movement with respect to the ground.

Unfortunately, as shown on figure [3.1] the distance and speed are measured radially
from the RADAR. In this configuration, this means that these are mostly vertical. Their
usefulness is then greatly reduced. Therefore, the tracking must be based on other
quantities. To obtain the values of interest, i.e. the cartesian coordinates, we can first
estimates the radius and the 2 angles of the spherical system. We would thus need 2D
angle determination as well as the range measurement. We then obtain the spherical
coordinates of the target and can deduce the cartesian coordinates.

Another limitation is that the drone must fly at a sufficient height from the target.
As seen in the section hereinabove, the maximum height of the UAV from the ground is
120m. It must then be taken into account when designing the system in this position.

Figure 3.1: Diagram presenting the tracking from above. R is the distance between
the RADAR and the target and V is the radial speed of the target (referencing to the
RADAR)

3.2.2 Behind the target

The other drone position is behind the target. In this configuration, the radial distance
and speed are mostly horizontal with respect to the ground (see figure . They are
then directly usable for tracking.

Furthermore, the angle tracking is quite straightforward. Indeed a simple 1D scanning
is sufficient to be able to follow the target. Additionally, with the high mobility of the
drone, one can imagine a system where the drone simply rotate around the vertical axis
to steer the direction of the main lobe of the RADAR.

Nevertheless, slope of the terrain can hinder the RADAR operation. Indeed, if the
width of the main lobe is insufficient in the elevation plane, the target can quickly leave
the RADAR detection range by gaining altitude.
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Figure 3.2: Diagram presenting the tracking from behind. R is the distance between
the RADAR and the target and V is the radial speed of the target (referencing to the
RADAR)

3.3 Conclusion

In this chapter, we have talked about the multiple limitations and requirement of the
system. These includes the limit on tag weight (<0.25 g), the diversity of operation
environment (rural and urban), the applicable law for UAV and the drone position.

In this work, we will select the "From behind" configuration due to the simple angle
tracking and limited height from the ground. Therefore, the tag and antenna will have a
vertical operation such that the polarization factor is independent from the direction of
flight of the target.

Furthermore, we will assume that the RADAR and the target stays in the same
horizontal plane during tracking for the design of the antenna. The only plane of interest
is then the azimuthal plane.
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Chapter 4

Theoretical development of the
harmonic RADAR and link budget
equations

4.1 Link budget and maximum range

In this section, we will develop an expression for the link budget of the RADAR. From
this, we will express the theoretical maximum range of the system depending on design
parameter.

4.1.1 Link budget

As a remainder, the RADAR sends a signal at the fundamental frequency. It is then
received by the tag that will double its frequency and reemit the signal. We can modelize
this system using two path losses and a conversion efficiency.

In the following subsection, we will use the following naming convention: With X
being TX or RX, a quantity Ax refers to the RADAR side and, similarly, a quantity Ax
refers to the tag side. Ay, A, refers to the wavelength at the fundamental and harmonic
frequency and d is the distance to the target.

Using Friis transmission equation, we obtain the expression of the two received power:

_ _ A )2
PRX = PTXGTXGRX <47de>
(4.1)

_ A )2
Prx = PrxGrxGrx L
4md

To obtain the dependance of the received power Prx on the emitted power Prx and
the target distance, we need to get an expression for the power reemitted by the tag.

We can suppose that this power entirely depends on the power received by the tag.
Using a Taylor series expansion, we can write:
(P & Pix o Piix
PTX(PRX) = ZQHTZGO+Q1PRX+G2 9 + .- (42)
n=0 :
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The tag is a passive device. Therefore, when no power is received by the tag, no power
is reemitted (i.e. Prx(Pgrx = 0) =0). This lead to ag = 0. We can write:

L Pry _ o Pt -
PT)((PR)() = (a1 + a9 -+ - ')PRX = (Z anT)PRX (43)
n=1 :
= 1 (Prx ) Prx (4.4)
By combining equations [4.1 and [4.4] we obtain:
5 A B A\
Prx = Prx GrxGrx GrxGrxn' (Prx) 5 (4.5)
(4md)
Using the fact that Ay = 2\, and by defining:
G =GrxG
_oRs o (4.6)
N(Prx) = GrxGrxn' (Prx)
We can rewrite eq. as:
_ /\%
Prx = Prx Gn(Prx)——"— 4.7
RX rx G n( RX)64(7Td)4 (4.7)

This expression does not take the mismatch of the system into account. Nevertheless,
in this application, we can have impedance mismatch as well as polarization mismatch.
This can be easily admitted as the polarization of the tag depends on its relative position
and its impedance matching depends on the incident power leve]ﬂ

We can rewrite the transmission equations (eq. {4.1) as:

_ _ A )2 _ o
Prx = PrxGrxGrx <47de> (1- |FTX’2)<1 - ‘FRX|2>’€TX ) eRX‘Q

NS (4.8)
PRX = PTXGTXGRX <47rhd> (1 - |FRX|2)(1 - |FTX|2)|éTX ’ éRX|2

We can easily suppose érx = égrx = € and bry = éRX = é. Furthermore, we can
assimilate the impedance mismatch of each antenna and its gain. We name G =
Gx(1 —|Tx|?) the realized gain of the antenna. We obtain:

G = Grx(1 — [Trx[?)Grx (1 = |Trx|?) = GrxGrx (49)
n(Prx) = G'rxG'rx7'(Prx) '
We obtain the final expressions that will be used in the rest of this work:
Pax = Pry G n(Px) [ —2— 4Ié-él4
RX 7X G N\I'RX 2\/§7rd
NES (4.10)
Prx = PrxGiryGrax | =L ) 6- 2
RX TXGTXG RX (47rd> |€ €|

'In all generality, the input impedance of a diode depends on the large signal amplitude applied on its
port and therefore the applied signal power
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4.1.2 Polarization factor

In this section, we will aim at estimating the polarization factor. This is important as it
depends on the orientation of the target and the different antennas composing the system.
We will define a referential for both the RADAR and the target. The third component of
these referential coincide with the direction of the linear antenna attached to the UAV or
hornet. These two referential are obtained by rotations of the inertial referential.

First, the target and UAV rotates around the vertical (3rd) axis. Then, due to
the movements of both the hornet and UAV, both antenna tilt forward and backward
accordingly to the flight direction. Lastly, due to similar reason, the antennas can have
a left and right tilt. The last two rotation can also be due to tilt present from a slight
misplacement of the tag on the hornet or of the antennas on the UAV. Mathematically,
we get:

ce with { P = BB R (4.11)
é=1js Y] = RPRY RO 1]

As a first order, we can suppose that the antennas of both the tag and RADAR are
placed perfectly vertically during the whole tracking. We consider all the flight orientation
of the target (Rotation around the third axis). This is equivalent to setting all the rotation
angles except a to zero. We obtain:

b=é=I=1¢-¢/=1 (4.12)

In this case, the polarization factor is always unitary which outline the advantage of
the vertical polarization

Unfortunately, in practice, the two antennas are never perfectly vertical. As explained
before, the placement precision as well as the hornet thorax movement can change the
orientation of the tag antenna.

Similarly, the drone can also tilt frontally and laterally depending on its movement
and the designer can choose to place the antenna at an angle to orient the direction of
the maximum. The general expression is given when all angles are non-zero. To lighten
the expression, we will abbreviate the sinus and cosine function as "s" and "¢" respectively

é = (spstcy) — cops) Iy — (spsip + cpsbe)) Iy + cOciply 113
¢ = (sasfcy — casy)ly — (sasy + casfBey) Iy + cBeyls (4.13)

= |6 8] = c(¢ — a)(swsy + shsBepey) + s(p — a)(sBswey — shcpsy) 4+ cefepery
(4.14)

We see that the effect of the orientation of flight is relative between the two objects
(i.e. the expression is only dependent on ¢ — «). Therefore, we can take the orientation of
the UAV as the reference (¢ = 0). To further simplify the expression, we can neglect the
two tilt angles of the UAV (6 =1 = 0). The expression reduce to:

& é| = chey (4.15)
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Once again, we see that the polarization factor do not depend on the orientation of
flight of the target. Effectively, it depends only on the orientation in which the tag was
installed and the tilt of the hornet during flight. Neglecting the latter, we can size the
tolerance on the attach method by choosing the maximum attenuation due to polarization
mismatch.

For the case where we orient the direction of the main beam by tilting frontally the
UAV antenna, we can not neglect this angle (6 # 0). In this case, the polarization factor
becomes:

&+ é| = cashsBey + saslsy + chcf (4.16)

4.1.3 Conversion efficiency

The conversion efficiency of the tag is an important quantity to estimate in order to
completely characterize the system. At this end, we can make measurements and extract
the conversion efficiency. From eq. [£.10] we have:

PRX 2\/§7Td *
PrxG

We can measure the received power at a fixed distance depending on the emitted
power. Additionally, we can position the tag and the RADAR antenna such that there is
no polarization mismatch. The only remaining unknown is then the gain of the RADAR
antennas. This gain can be easily determined using standard antenna characterization
measurements.

Nevertheless, by doing this, we are only controlling Pryx and not Prx. To obtain
the maximum range, we need to know the conversion efficiency depending on the target
distance. Using eq. [£.10, we can write:

1(Prx) =

‘ 417
PWER (4.17)

M\ s 3
Prx = Prx G xG'rx <4 d) e éf? (4.18)
/ ~ /\f
(4.20)

We want to convert measurements taken with a variable Prx with a fixed d to
measurements with a fixed Prx and a variable d. To develop this mathematically, we
name Pry and dp, the fixed emitted power and fixed distance respectively.

_ VA _ A\
Prx Gl Gl py (4;;) d? = PrxoGlhx G rx (4;;) d—? (4.21)
<~ PTXd(;Q = PTX70d_2 (422)
P
& d= =222, (4.23)
PTX

We can summarize this methodology as follow:
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1. We measure Prx for a range of Prx for a tag at a fixed and known distance using
known transmitting and receiving antenna couple.

2. We divide each Pgrx value by the corresponding Prx and multiply by a known
correction factor given by eq. [£.17]

3. We convert the Pry axis to a distance axis using eq. [£.23]

Even though, we do not know the value of Pry for each measurements because G'rx
is unknown [] We see that we can obtain the conversion efficiency of the tag depending of
the distance.

4.1.4 Maximum range

The receiver and range/speed estimation requires a minimum signal to noise ratio. Then,
knowing the noise power of the receiver and using eq. [£.10] we get a minimum received
power.

\ B 4
PRX,min - lln( noise 1 SNRmm < PRX - PTXGU d) ( . d|é ’ é|> (424)
¢l =K 4.25
Tk F el 423

< d< Kqyn(d (4.26)

The distance region where the system is working can be visualized by plotting an
unitary slope curve representing the d function and the fourth root of the conversion
efficiency scaled by the factor given in the previous expression. All the valid distance will
then be where the right hand side term is greater than the left hand side term.

Nevertheless, care must be taken for short distances as the link budget model described
hereinabove is only valid for far field. From the well known Fraunhofer distance, we can
determine a theoretical limit. In this application, as we are working with two frequencies,
we effectively have two distance limits. We name D), the largest dimension of the antenna.

2
dpyf = 2)\D
! (4.27)
dpp = 27 = 2dpy
) Ay )
= d >> max {dFJ, dF,h} = dp’h (428)

This is valid only if the Fraunhofer distance is far greater than D or A. To further
analyze this limit and its possible consequences on the application and model, we need to
know the largest dimension of the antenna. Therefore, the quantitative description of the
model distance limit will only be available after the antenna has been designed.

2As a remainder, G’ rx is composed of the impedance mismatch and gain term. The latter can be
estimated using standard values for monopoles. Nevertheless, the impedance mismatch depends on the
frequency as well as the large signal biasing of the diode.
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4.2 Analytical development of the FMCW equations

4.2.1 General expression of the different signals

In this work, the RADAR will emit a FM signal. It will be composed of N, pulses of
duration 7}, and periodicity 7". The general form of this type of signal is given by:

s(t) =R { Ii Agsexp(jo(t — mT))wr, (t — mT)} = R{s,(t)} (4.29)

m=0

with wr(t) the rectangular window function given by:

{1 if0<t<T

4.30
0 else ( )

wr(t) =

Suppose the transponder is placed at a distance. By travelling from the RADAR to

the tag, the signal will be subject to a delay 7 and the channel noise. The configuration
of the complete system is given in figure [4.1]

X >>> ~S-.(F.)_ . Tag

RX <>>>m

Figure 4.1: Configuration of the harmonic RADAR system and tag and naming convention
of the signals. The RADAR is considered as monostatic for the distance and speed
definition

o -5'7'('&

We consider an additive white gaussian noise (AWGN). The total round-trip delay
will be named 7; and the AWGN component, n;(t). The signal received by the tag can be
expressed as:

Np—1

r(t) = Al Z exp(jo(t — mT — 7p))wr, (t — mT') + ny(t) (4.31)

m=0
The transponder doubles the frequency of this signal and reemits it back to the
RADAR. Due to this conversion, the noise component becomes 71 (¢). The signal during
the first chirp (for 0 <t < T},) becomes:

s (t) = Al exp (j /Ot_ﬁi 27r(2f(7))d7> +n1(t) = Ay exp(2jo(t — 3)) + na(t)  (4.32)

The signal received by the RADAR is then once again subject to the path delay and
noise. We finally obtain:
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rq(t) = A, i exp(2jp(t — mT — 14))wr, (t — mT) + 1y (L) + no(t) (4.33)

m=0

4.2.2 FM modulation and delay model

The FM modulation used can be chosen by the designer. The classical choice is the linear
frequency ramp modulation and will be used in the next developments. Its representation
in the frequency-time domain is shown in figure [4.2a]

We can also show the frequency of the received and emitted signals. We see in figure
that the frequency of the received signal correspond to the frequency of the received
signal for a classical linear ramp FMCW RADAR with twice the base frequency and
bandwidth. Therefore, we expect to obtain similar results and methods for both an
harmonic and classical RADAR in term of range/speed estimation and signal processing.
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(a) Frequency of the signal composed of multiple(b) Frequency of the emitted and received sig-

successive chirps nals with the base frequency placed on the same
level. The left and right y-axes correspond to
the emitted and received signal respectively.

Figure 4.2: Representation of the RADAR signal in the frequency-time domain

We define fy, the carrier frequency; B, the bandwidth of the ramp and 7T’p, the duration
of the pulse. The phase of the FM signal is given by:

o) = [ Con f(r)dr = / "o fo + TBt)dT (4.34)
B 2
= 2n(fot + 57-1°) (4.35)

As said in the previous section, the phase of the received signal is subject to a delay.
This delay depends on the relative distance R(t) between the RADAR and the tag. In
this work, this distance will be modelized as R(t) = d + vt with d, v the initial distance
and speed of the target respectively. The delay is then obtained as:

The phase of the received signal during a chirp is then given by:
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AT = e = 5) =) + -1 = 5) )’ (4.37)
— [2%@2 — foa] + lf0(1 —B) — Za(l — 5)1 t+ [2%(1 — B)Q] t? (4.38)
=ag+ alt + a2t2 (439)

From eq. the received signal during a chirp is then a second order polynomial
phase signal (PPS) tainted by noise which is expressed as:

ra(t) = A, exp(2j(ag + art + agt?)) + 71 (t) + no(t) (4.40)

Due to the carrier frequency, the received signal is at high frequency. Therefore, we

need to sample the signal rapidly which consumes a lot of power and computing power.

We can take the signal back in the baseband (low frequency) by mixing it with a
frequency doubled version of the emitted signal. The mixed signal is given by:

(8) = 73(0)sa(t) = Ayeap((26() ~ 20(t — 7)) (1.4)
— Ayenp(jo(0) (1.0
with
o(t) B , B B ,
W~ |- g+ | pa-a)|ex [Ta-mel e @

The parameters of the PPS becomes:

ag 1 2Tpf0(1/ — BO(2
a1| = o | 2TpfoB + 2Ba(l - f) (4.44)
Qg g B(1-p)p

We can simplify the expressions by neglecting the quadratic terms of o and . This can
be supposed because o = 2d/v and = 2v/c are small in the context of our application.

Qo 1 2Tpf00é
a| =~ ﬁ 2Tpfoﬁ + QBOZ (445)
az P Bp

4.2.3 Parameter estimation

The general problem we want to solve is as follow, given the noisy measurements of
the multicomponent polynomial phase signal s[n| with n =0,1,--- | N — 1, we want to
estimate the phase parameters ag, o1, -, o, -+, @x—1.m of each components. The
signal is given by:

s[n] = s(nT's) = Z_: Agexp (j > akm(nTS)m) + w(nTs) (4.46)

k=0 m=0
We consider w[n] = w(nT's), an additive white gaussian noise. We can define a; =
[0, arn]” and a = [ap, -+, ax_1]T, the vectors containing the phase parameters
of the different components.
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In this work, we consider a single-component signal (K = 1) and a second order phase
polynomial (M = 2). These two supposition can be justified by the context of the
application. Indeed, we aim at only tracking a single target and the parasitic reflections
from the background should be negligible thanks to the harmonic RADAR scheme. The
received signal can then be approximated by a single component LFM signal.

Concerning the polynomial order, it depends on the target movement model. As said
before, we will suppose that a first order model is sufficient to track hornets. This lead to
a second order polynomial phase for the received and mixed signal.

Figures of merits for an estimator

There exist a lot of estimators and signal processing techniques that aim at solving this
estimation problem. They can be grouped in different categories depending on what
they are based on: phase unwrapping, maximum likelihood, discrete polynomial-phase
transform (DPT), time-frequency domain, time-frequency rate domain, etc.

All these options could be used to estimate the distance and speed of the target.
Nevertheless, they all have their trade-offs. Therefore, we must compare them using figure
of merit to quickly assess their pros and cons.

The Cramer-Rao lower bound gives a limit on the variance for a unbiased estimator.
An estimator that reach is limit can be considered as fully efficient. In general, estimators
reach this limit above a certain value of SNR. Below this value, the RMSE decrease
abruptly. This lead to the definition of a SNR threshold or a minimum SNR needed such
that the estimator gives reliable results.

Phase unwrapping estimator

A simple idea for the parameter estimation of the phase of a complex exponential is to
apply an arctangent. We obtain a phase estimation for each sample instant and by doing
a quadratic regression, we get an estimation of the parameters of the second-order phase.

Unfortunately, the arctangent function can extract the phase of a complex without
ambiguity if the phase is constrained between —7/2 and 7 /2.

To overcome this, we can apply transforms that will constrain the phase of the signal in
this span. In [6], they applied a difference operator (y[n| = s[n|s*[n — 1]) to differentiate
the phase of the signal. By applying it to time, the phase of the signal becomes j—;(ao +
ait + ast?) = 2a, which can be constrained in |—m/2, /2] for ay € |—m/4,7/4[.

Then by applying the arctangent and integrating (inverse of the difference operator),
we recover the phase of the signal and we can perform a regression to obtain the parameters.
We call this estimator DK in reference of the two author of [6].

This estimator is simple and can be computed in O(n). Nevertheless, it is subject to
big shortcomings such as a high SNR threshold due to errors introduced by the difference
operator.
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Maximum Likelihood estimator

The maximum likelihood estimator (MLE) is the classical solution to the problem of
estimating the parameters. In our problem (see eq. 4.46)), this estimator can be expressed
as[4]:

2

N-1 2
dy,dy = argmaz |y _ s(nT's) exp( 7Y an(nTs) ) (4.47)
a1,a2 n=0 m=1
N-1 2
ap = phase (Z s(nT's) e:z:p( 7Y am(nTs) )) (4.48)
n=0 m=1

This estimation requires a 2D grid search in the frequency and frequency rate domain.
It is computationally extensive and therefore impractical in real life application. Even
more so that ours require real time computations to actively follow the target.

Many element of literature present research that aim to reduce this computational

burden using, for example, better search algorithm |1] or Monte Carlo importance sampling
[28].

In the specific case of a FMCW RADAR, we can reduce this problem to a 2D-FFT
computation and a 2D-grid search. This can be seen by developing the signal expression
for a series of chirp.

We consider that the breaks between pulses as been removed from the mixed signal
and define the sampled signal as:

y[n +mNs| = y(nTs +mT,) (4.49)

with T, the sampling period; Ns = L%J, the number of sample in a chirp.

We will see that the fact that the chirp signal is periodic while the delay is not (i.e for
the mth chirp, we have s(t — mT) but 74(t) and not 74(t — mT')) will allow the expression
to reduce to a 2D-FFT.

Using eq. and considering multiple pulses as given in [4.33] we obtain:

Ot —mT) = ¢t —mT) — ¢t — mT — (o + St)) (4.50)
— folar+ Bt) + 2?((%@&) Coat Bt —mT))  (451)

~ fola+ Bt) — fi(a(t —mT) + Bt(t — mT)) (4.52)

~ fola + Bt) — fa(z N (4.53)

Where we neglected the term in (o + (t)? as it correspond to quadratic terms of «,f3.
The last approximation was obtained by supposing 5t < SN, T, << « or % >> N,T,.
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We now obtain the phase of the sampled signal as:

oln+mN, = fola+ B(nT, + mT,)) — fa(n:rs mT, —mT,)  (454)
= foa+ foB mT, + (folS — 5a)nTs (4.55)
= foa + fos mT), — 5@ nTs (4.56)

To justify the last approximation, we consider the case that o and 3 are of a similar
order, fy o« GHz, B x MHz and T}, o< us. We have T%a >> fof & % >> f”% x le—3
which can easily be verified.

We observe that the phase of the signal depends on o and 8 which are proportional
only to n,m respectively. There is also the presence of a initial phase given by foa. As
the information is redundant with the term in nT's, we will skip its estimation. The
estimation problems becomes:

Np—1N,—1 2
N P s B
&, B = argmax Z Z yln + mNS]exp(—j47r(?anTs + fopmT,)) (4.57)
a.f m=0 n=0 p
Np—1 Ng—1 B 2
=argmazx | Y exp(—jdnBfomT,) Y yln+ mNs}eq:p(—jélw? anTy) (4.58)
o,p m=0 n=0 p
Np—1 Ny—1 2
=argmaz | Y exp(—j2rFsn) > yln + mN|exp(—j2mF,n) (4.59)
O‘vﬁ m=0 n=0

with Fo = 27 Toa = 4¢2d and fp = 2£oTof = 2.

The last expression reduce to the application of a 2D-DFT on the sampled signal that
was mixed with a frequency doubled image of the emitted signal. This 2D-DFT operation
can be efficiently computed using the FFT algorithm.

The estimated distance and speed of the target becomes:

ISHY
I
&
bS]
=>
)

A (4.60)

>
I

&

s

Limits of the estimator We can define some limits on the estimator using the fact
that it reduce to the application of 2 FFT. Indeed, depending on the length of the FFT
or periodicity of the normalized frequencies, the estimation have a limited resolution and
range.
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We can obtain the resolution of the estimator using the definition of the normalized
frequencies Fy,, Fg. The resolution is the minimum distance between target needed to be
able to differentiate them.

From the resolution of the normalized frequencies AF,, = 1/Ng and AFz = 1/N,, we
have:

c T, c 1 c
Ad = Pp = —_N,— = —
4Bg 4B "N, 4B (4.61)
A= ———
4fo N, T,

The ambiguity on the estimation can be expressed by noticing that the normalized
frequency have a period of 1 and is therefore limited in the range [—1/2,1/2]. This
constrain the range of possible estimation as following:

N, . _ N,
‘dl—chdSZB

8 (4.62)
v
H_8f0

In the case of the distance, has it is defined as positive only, we can "reuse' the negative
normalized frequencies and double the positive range (F, € [0, 1]).

Zoom ML estimator

As seen before, the ML estimator in the case of successive chirps can be approximated
as a 2D-FFT. Therefore the estimator exhibits similar properties with the FFT operator
such as zero-padding and decimation.

By adding zeroes at the end of the signal, we can interpolate the results of the estimator
and therefore increase its accuracy. Note that we do not add any information to the signal.
This means that the resolution of the RADAR remains unchanged.

Additionally, if we apply a low pass filter and decimate the signal (downsampling), we
can limit the highest frequency of the FFT spectrum.

From these two properties, we can try to reduce the execution time of the FFT. We
will first do a coarse search to have a first estimation of the range and speed of the target.
Then, we will create an estimated signal and mix it such that the remaining phase is
centered around zero. Explicitly we estimate dc, Ve, USINg eq. | we obtain the phase of
the mixed signal as:

Omizea|nt + mMNg| = fola — &) + fo(B — 5) mT, — — (o — &) nT} (4.63)

The signal now has parameters centered around zero. Notice that for the fine estimation,
the "distance' can be negative. The equations and estimator are then slightly different. We
will suppose that the maximum deviation of the error is of one half of a bin. Considering

Ny and N, the number of sample used to make the coarse estimation in the time and
chirp domain respectively, the maximum error is obtained by replacing Ny by Ny or N, in

eq. and dividing by 2:
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cN,

€q =
8BNy
. (4.64)
€ = T
8foT, Ny

Now, we can downsample and estimate a second time using more points. We want
to limit the range of frequencies to the maximum error. By downsampling by a factor

K4 and K, we limit the normalized frequency F,, and Fj to [—3 K '3 ]1< ] and [—5 K '3 11{1]
respectively. We obtain the limits of the possible range for the fine estimation d g and v IE
| J < cN, cN,
1S K,=N
8BK, 8BN, d d
0 < ¢ = {Kv N, (4.65)
= 8fT,K,  8fyT,N,

We can finally obtain the range estimation by adding d. and d 7. Similarly, the speed
estimation is obtained by adding 9. and ¥y.

The complexity of this estimator, with N} and N the lengths for the fine 2D-FFT, is
O(NygNylog(NaN,) + NjN}log(N)N,)).

To compare it with the complexity of the standard MLE, we have to do some supposi-
tions for the values of the lengths of the coarse and fine estimators. We will name M,
and M, the time domain and chirp domain FFT lengths respectively. We can compare
the case where the two estimators have the same accuracy (e; and €,).

cN, cN,
€q = €= s
SBM, 8BN,N;,
N, and N, (4.66)
“ = 8BM, “ = 8BN,N!

We obtain that the accuracy is equivalent when M, = NyN), and M, = N,N/. We do
the ratio between the two complexity. Considering N)N, = NyN,, we get:

NuNylog(NaNy) + NyNilog(NNY)
MyM,log(MyM,)

. 2NdelOg(Nde) . 1

~ NjN22log(NgN,) — NaN,

C:

(4.67)

(4.68)

We see that in this case, the complexity of the standard MLE is quadratically greater
than the complexity of the Zoom MLE estimator.

In the literature, some low complexity FMCW estimator are based on the same 2 step
(coarse-fine) method [14} [26]. The main goal of this procedure is to apply a high resolution
or accuracy algorithm that have a high complexity (MUSIC and Chirp Z-transform
respectively) on a subspace that was determined by the coarse estimation. In a real
tracking the coarse estimation of the range and speed could be done using a bayes filter
such as Kalman or Particle filter.
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4.3 Simulation

Using equations and , we can generate samples of the received FMCW signalﬂ
Then, we can add complex noise, mix it and estimates the distance and speed using
different methods. Finally, we can compute figure of merits and compare the different
types of estimators.

To use the signal, we first need to remove samples between the chirps that only contain
noise. We will simply use the delimitation of the emitted signal and considering the time
shift induced by the delay as negligible.

Indeed, in general, this delay (74) is smaller than the sampling period as we are
considering a small operation range due to the harmonic radar high path loss (see link
budget hereinbelow).

4.3.1 Sweep on distance

In this subsection, we will focus on the estimators performance depending on the distance
parameter. We generate noiseless signals for all the radial distance points. Then, each
estimator is applied on the signals and a distance estimation is obtained. The results are
shown in figure 4.3|

We observe that the error of the DK estimator is quite constant for every values of
distance. This is because of the analytical nature of the phase unwrapping method. The
see that this estimator lead to a very low error (-90dB of error) for a noiseless signal.
However, in practice, this estimator performances will be strongly reduced due to its
sensitivity to noise.

For the other estimators, we observe a periodicity. We see that for without oversampling
(blue traces), the maximum correspond at the values were the distance is a multiple of the
resolution. When looking at the estimated values, we clearly sees the discretization steps.

With oversampling, the periodicity is increased and error reduced thanks to interpola-
tion and the mean error is smaller. We can see that the estimated values better follow the
reference curve. We see that for an oversampling factor of 4, the maximum are reached
for multiple of 0.25 which is expected. For an oversampling factor of 16, the mean error is
even lower (lead to a greater value as we are looking at the inverse of the absolute error).

Finally, we can take a look at the mean execution time in the table in figure [4.3] We
see that the DK estimator has a high execution time. It may be caused by its unoptimized
operations such as complex multiplication.

Additionally, we see that the ML estimator is faster than the ZoomML algorithm.
This can be caused by the intermediary dechirping operation (see eq. . Nevertheless,
for higher interpolation values, the ZoomML estimator scales at a much lower rate.

4.3.2 SNR threshold and execution time

We will now take a look at the RMSE of the estimators for different values of SNR.
A signal is generated for a target at a random distance and speed that are not multiple
of the resolution. A complex noise is added to the samples of the signal with a variance

3Note that 74 = @ depends on t and not t — mT and thus change between chirps.
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Figure 4.3: Estimation for multiple values of distance for a static target. The signal has
an infinite SNR (Noiseless). The harmonic RADAR parameters are chosen such that the
resolution dd is 1m for the ML estimator. The values of the hyperparameters that are
changed between estimators (oversampling of 1, 4 and 16) of the same type are indicated
in the table below.

that depends on the current SNR and the signal amplitude. Then it is evaluated by the
estimator and a value for the radial distance and radial speed is obtained. The error
between this estimated value is then computed. This process is repeated 200 times for
each SNR value. Finally, the errors of all these simulations is summarize using the root
mean square error (RMSE).

The results are shown in figure [£.4] We observe that all estimators experience an
abrupt reduction in performance below a SNR value. These values are summarized in
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figure

We see that the DK estimator is the first one to fail at 19 dB. It is then unusable
for SNR values that are below this points. This is an expected behavior as one of the
assumption is that the SNR is high (see [6]).

The ZoomML estimators are the second to fail. This can be because we supposed that
the maximum error resulting from the coarse estimation is one half of the resolution (As
in the noiseless case). In the presence of noise, the maximum error can exceed this limit
which results in incorrect measurements.

Finally, the ML estimator has very good performances even at very low SNR.
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Figure 4.4: Results of the simulation of the effect of SNR on the estimator performances.
The base signal correspond to a target with a distance of 12.45324 m and a speed of
6.4628 m/s. These values were chosen randomly such that they were not multiple of the
resolution of the ML estimators.
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Estimator | SNR threshold [dB]
DK 19
ML -24
ML 4 =27
ML 16 =27
ZML -3
ZML 4 -2
ZML 16 -5

Table 4.1: SNR threshold of the different estimators. It correspond to the SNR from
which the RMSE falls arbruptly.

Note that, in these simulations, we have considered that the signal is a perfect single
tone complex exponential. However, in practice, non-idealities affects the signal in the
form of harmonics or phase noise. These can affect the estimators performances and
modify the observed results.

Finally, we take a look at the execution time once again to have a larger number of
sample. We see that the general tendencies are similar.

The DK estimator is the slowest and the ML and ZML estimators increase with the
oversampling factor. This increase of execution time is far more important for the ML
estimator than the ZML estimator.
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Chapter 5

Design of the RF circuit

In this chapter, we will design the complete RF chain of the RADAR. It will be composed
of two parts: the transmitter (TX) and the receiver (RX).

The TX will be fed an input FMCW signal and will amplify it before sending it to
the emitting antenna (in fundamental band). Its saturated power should be as high as
possible as it correspond to the Pryx term in equation

The RX is fed the signal coming from the receiving antenna (designed for the harmonic
band). It then mix it with the emitted signal. The resulting signal is at a lower rate,
which allows to sample it at a lower rate. The receiver chain must amplify the received
signal such that it falls inside the allowable range of the ADC.

In the first section, we will discuss about the different package in which the circuit
can be build. We will compare three options: Connectorized module, printed circuit
board and Quantic X-Microwave (XMW) design platform. Then we will build the system
architecture. Finally, we will selects the components.

5.1 Package options

Multiple options and components package are available. In this work, we will consider
the following possibilities: Connectorized module, PCB and Quantic X-Microwave design
platform.

In the following subsections, we will precise the pros and cons of each possibility and
select the one we will use. The criteria we will focus on are the weight, the compactness
and prototyping capabilities.

5.1.1 RF connectorized module

The most used package in prototyping of RF circuit are the connectorized modules.
Connectorized version of RF components are widely available on the market. A circuit
build with connectorized module can be seen as a graph of independent microwave circuit
encased in metal boxes and connected to each other through connectors such as SMA
connectors.
A circuit can be easily implemented using these modules. Indeed, we can simply
connects the different blocks directly or using coaxial cables.
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Figure 5.1: Example of an RF circuit built using connectorized modules. It is an harmonic
radar prototype in the S band (TX:2.9GHz; RX:5.8GHz) from .

Pros and cons

The main advantage in using this type of package for prototyping is that the circuit can
easily be modified. Indeed, no permanent connections are made. For example, if we want
to change a component such as an amplifier, we can simply disconnect its inputs and
outputs and swap it with the new amplifier.

However, due to the metal casings, cables and the need for an external structureﬂ,
the total weight of the prototype is quite high. Additionally, the maximum density of
components is quite low compared to other solutions (see figure .

To summarize, the connectorized module is well suited for the early prototyping phase
to allow for tinkering. It has a low component density and a high weight.

5.1.2 PCB, SMD components and printed lines

Most RF components are available in SMD package. We can use these components to build
a complete RF circuit on a printed circuit board. We can then connects these component
as well as design the bias/matching circuits using printed lines such as microstrip line
(ML) or conductor coplanar waveguides (CPW).

It is a very versatile and compact solution as the designer has full control over all the
aspect of the design.

IThe module must be mechanically fixed, usually with a wooden plank, to avoid stress on the cables
or to facilitate the transport of the prototype.
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Pros and cons

The main advantages in using this form factor is its high component density and low
weight. It also minimizes the insertion loss of the interconnects due to their small length.

Nevertheless, these advantage comes with some inconvenient. To begin, the design is
very demanding as everything must be taken into account. For example, the digital part
of the circuit is usually done on the same board. Therefore, special care must be taken to
prevents the parasitics coming from the large spectral content of the digital circuit from
affecting the highly sensitive analog and RF part. Then, the design is hardly modifiable
once it is built. To be able to swap a simple part such as an amplifier, the SMD package
must have the same footprint and the matching/biasing circuits must be compatible.
These two conditions (more specifically the second) can be very hard to fulfill.

To summarize, PCB and SMD components plays a central role in RF circuit design.
It is best suited for final design thanks to its high density. The design of such a circuit
can be hard and time consuming but lead to results that are most suitable for a system
carried by an UAV (small size and weight).

5.1.3 Quantic X-Microwave

Quantic X-Microwave is a company that is focused on high performance RF and microwave
circuit for highly demanding industries|34]. They offer a new approach of RF circuit
design thanks to their modular design platform. This allows for a shorter, easier and lower
cost prototyping phase.

Indeed, it can be placed in the midpoint between the two other form factor. It can be
described as RF modules designed in conductor-backed coplanar waveguide (CPWG) on
PCBs and connected using ground-signal-ground jumper instead of coaxial connectors.

Design platform

This platform consists of a board, component modules and some other auxiliar elements
such as a voltage regulators and control. The board is build from a conducting material
that serves as a common ground plane. The modules are placed on top of it and pressed
down such that the exposed ground plane of the PCB is connected to the board.

These different modules are implemented around SMD components on a printed circuit
board using CPWG technology. They are connected to each other using small pieces of
polymer with 3 printed traces for the ground-signa-ground conductors of the CPWG (i.e.
the GSG jumper).

Fixtures are also proposed to convert the signal in a CPWG to coaxial waveguide.
These are called XM-probe and are precision piece that will press the conductor of the
coax onto the printed signal trace and its metallic body onto both adjacent printed ground
plane.

Finally, the bias and control is connected by attaching these circuits to the bottom
of the metal plate. Signal is then connected to the upper side using spring pins going
through the screw holes.

Quantic X-Microwave also offers metallic walls and roof to completely encased the
components in metal. This improve the sturdiness of the prototype and protects it from
electromagnetic interferences. It then becomes comparable with a circuit implemented
connectorized modules.
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(a) Quantic X-microwave board (b) Component placed on the plate (reference design
kit)

Pros and cons

This form factor combines the two others in term of pros and cons. It is compact,
lightweight and can easily be modified thanks to its modular design.

It is also a good approximation to a circuit built on PCB as the intermodules connections
are quite similar to an uninterrupted CPWG trace. It can then be designed while neglecting
the losses between modules unlike the connectorized modules that have connectors and
cables with non-negligible losses between each other.

However, it is also worse compared to the other two in certain aspects. For examples,
placing the GSG jumper, verifying the placement using an optic and tightening all the
screws takes far longer than the simple operation offered by coaxial connecters. Because
of the metal board and different additional elements, it is also heavier than a SMD circuit
and the library of available components is limited.

In summary, this design platform offers a new modular way to design RF circuit. The
prototype is closer to PCB implementation of the circuit than connectorized modules
while being easily convertible to a more robust prototype for on-field experiments using
metal casings. It also falls behind the other two when it comes to their specific strengths
(plug and play for connectorized modules and compactness of PCB circuits).

5.1.4 Conclusion

These three options all have different use cases. Connectorized module are well suited for
quick assembly of a RF circuit for a first proof-of-concept prototype or measurement setup
where optimal performance (connectors causes additional insertion losses) or compactness
is not a requirement.

PCB lead to very compact and finished products. However, it is not compatible with
an iterative design.

The Quantic X-microwave platform is at the midpoint between the two other solutions.
It offers a way to design RF PCB in a modular way which allows for a simpler and quicker
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iterative process.

Nevertheless, these three form factor does not have to be used separately. For example,
one can split its circuit into multiple parts and build them using independent PCB. These
parts can then be connected using the XMW platform or coaxial connectors and cable.

Similarly, a chain of connectorized blocks can be fused onto a single PCB to be more
compact.

In this work, we choose to work with the Quantic X-microwave platform instead of
connectorized modules. This choice is made to try the design platform as well as explore
a solution that is lighter closer to a single PCB.

Indeed, as an example, the prototype presented in [31] built with connectorized modules
(see figure is quite heavy (3 kg). From the picture, we see that it consist in multiple
PCBs connected using coaxial cables and encased in a big metal box. This metal case
is the main contributor to the prototype weight. However, this box cannot be made
significantly smaller due to the space needed for the cabled’] By reducing the amount
of PCBs (fusing them together), we reduces the amount of cables and the size of the
protective metal casing, drastically reducing the weight. However, this fusion cannot be
done simply by putting them together as proximity effects such as thermal conduction
from the power amplifier or digital corruption from the sampling chain are added. Having
a prototype that is closer to a single PCB while staying modular is desirable.

5.2 Component selection

In this section, we will choose the different components that will compose the radar
circuit. We will divide this discussion into two parts: the transmitter and receiver. For
the complete design process, we will suppose that the insertion losses of the GSG jumpers
and fixtures are negligible.

5.2.1 Transmitter

In this work, we will focus on the amplification chain and signal generation will be ignored.

The transmitter takes an input FMCW signal and has two output: the transmitted
signal and LO signal. To provide the highest available power, we begin by choosing
a power amplifier that has a high OPldBrf]. We end up choosing the A5T5 block from
Quantic XMW. This module is based on the ADL5324 from Analog Devices. It is a 400
MHz to 4 GHz power amplifier with an OP1dB of 28 dBm (around 0.5W) and a gain of
around 13 dB around 2.9 GHz. Its input power must then be around 15 dBm to reach
the saturated output power of the amplifier.

Additionally, the ADL5324 also implements a dynamic biasing. Its bias voltage can
be changed dynamically from 5V to 3.3V to reduce the power consumption at the cost
of P1dB and IP3 This capabilities can be useful to better control the power which is
important for embedded circuits.

2All coaxial cables can only be bend in a certain amount without being damaged. The relative figure
of merit is the bending radius.

30utput power at the one dB compression point

4Intermodulation products of the 3rd order
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To split the input signal into the LO and TX branches, we use a simple 3 dB power
divider (A1K6) as the available couplers have only limited ratios. As the power is the
same at the two output ports of the power divider, we have an available power of 15 dBm
(due to the power amplifier compression). Furthermore, as the LO branch must perform
frequency conversion, high losses are to be expected. The mixer we will choose in the next
section needs a LO power of 4 dBm to operate in optimal condition. Then, to obtain a
LO signal that as this power level, we need a frequency doubler that has around 11 dB of
conversion loss (CL). We end up choosing the A129 frequency doubler that has a CL of
12 dB and a maximum input power of 17 dBm. The expected LO power is then 3 dBm
instead of 4 and the mixer will operate in suboptimal conditions. A better result could be
achieved by designing a power divider that has the perfect ratio to have the optimal LO
power.

Then, we add a preamplification stage as the current input power needed is 18.5 dBm
which is high compared to signal generators output power. We select the A114 amplifier
that has a gain of 17 dB at 2.9GHz and that operate 2.9 dB lower than compression
(OP1dB of 20.9) to reduce the non-linearities of the LO and TX signal. The input power
of the transmitter is then 1.5 dB instead of 18.5.

Finally, we add a low pass filter (LPF) between the power amplifier (A5T5) and
TX port to reduce the leakage of harmonic power from the transmitter. Indeed, as
we are designing a harmonic RADAR, the receiver is sensitive to power at the second
harmonic of the transmitted signal. This power must come from the tag placed on
the target. Therefore, if the transmitter emits power at the second harmonic, it can
reduce the global performance of the radar. A low pass filter with a cutoff frequency be-
tween the fundamental and harmonic frequencies, we can attenuate the latter. The chosen
filter is a A1B2 with a cutoff frequency of 3600 MHz and a 40 dB attenuation around 6GHz.

The complete transmitter circuit is given in figure [5.2]

114 A1K6 A5T5 AlB2
2.9 GHz 2.9 GHz 2.9 GHz 2.9 GHz XU
IN Power divide 5 beTx
1.5 dBm 18.5 dBm| o SV T 9 dBm 27.9 dBm | ~\J

OP1dB=28dBm
2.9 GHz | 14.9 dBm

x2

A129

5.8 GHz l 2.9 dBm
LO

Figure 5.2: Design of the transmitter. The different power level and frequencies are shown.

5.2.2 Receiver

The receiver central component of the receiver is the mixer. It takes the LO signal
and the RF signal and produce a signal that has a frequency corresponding to the sum
and difference of the two input signals. As said during the component selection for the
transmitter, we choose the C9E5 mixer that has an optimal LO power of 4 dBm. Its
conversion loss for an optimal LO power is 6.5 dB.
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The second purpose of the receiver is to amplify the signal to a power level that is
acceptable by the ADC. The main characteristics of a receiver are its gain and noise figure
(NF). To minimize the noise figure of the whole chain, one should put a high gain and low
noise block at the beginning of the chain.

Indeed, the gain of a block reduces the contribution of the NF of all subsequent blocks.
This is the purpose of an LNA. It is then one of the most sensitive component of the
receiver chain. Unfortunately, a mistake was made when selecting the LNA and the gain
was incorrectly read from the datasheet. Indeed, the gain of the selected LNA (A2N4)
has a gain of 6.68 dB which is relatively low for an LNA. A far better choice would have
been the D515 for example as it has a gain of 26.5 dB and a noise figure of 0.9 dB. This
alternative will be studied in a later section of this work.

The receiver also contains other amplifiers. As they are further down the chain, their
effects and characteristics are less important. If the LNA gain is high enough, we can add
as many amplifiers as we want without degrading significantly the receiver performances
in term of noise figure. What sets the limit in term of amplification is the maximum input
power of the different devices (compression point of the amplifiers and maximum input
power of the mixer and ADC).

In this work, we will select a single additional amplifier that as a wide band such that
it can be placed in both IF and RF side of the mixer. This amplifier can then be used in
both part of the RX or as an pre-amplifier for measurements thanks to the modularity of
the design platform. We select the D2B4, a 0-8000 MHz amplifier that as a constant gain
of 14 dB on the 0-6000 MHz band.

The final components of the receiver are the filters. There are two filters in the receiver.
A LPF is put at the end of the IF chain to prevent aliasing due to sampling.

The second is a BPF that is placed at the start of the RF chain. It has two purposes,
first it prevents out of band noise from falling back into the baseband due to mixing. Its
second purpose, that is specific to a harmonic radar, is to attenuate the fundamental
signal coming from the TX through the receiving antenna. Indeed, a considerable amount
of TX signal can leak to the receiver. If this power becomes large enough it can saturate
the LNA or other RX amplifiers. This is why we can not put this filter after the LNA to
reduce the NF of the filter caused by its insertion loss.

The receiver circuit is shown in figure [5.3|

5.2.3 Modification of the power amplifier (A5T5/ADL5324)

The ADL5324 (IC of the A5T5) can be tuned to a specific frequency range (between
400MHz and 4GHz) by changing the lumped components of its matching circuits. However,
the A5T5 is not initially matched at 2.9 GHz.

When received, the amplifier is tuned for 2.14GHz. We must change the values of the
matching components. Unfortunately, the substrate used for the XMW circuit is not the
same as the ADL5324 evaluation board and the datasheet does not provide values for the
band of interest of this work. Therefore, we have to simulate the device and its matching cir-
cuits to be able to tune it without having to solder/desolder the components multiple time.

A first simulation was done based on the deembed S-parameters provided by Analog
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Figure 5.3: Design of the receiver. The different power level and frequencies are shown.

Device. The substrate and CPWG parameters were set using information given by Quantic
XMW and from the CAD model of the A5T5 respectively. These parameters are given in

table B.11

’ Symbol H Description \ Value ‘
h Height of the substrate 0.203 [mm)]
w Width of the central conductor 0.43 [mm]
S Spacing between the central conductor and | 0.28 [mm)]
the ground planes

€r Relative permittivity of the substrate 3.55 [-]
t Thickness of the conductor 30 [um]

tand | Delta tangent of the substrate losses 2.7e-3]-]
p Resistivity of the conductors 24.4 [nQ2/m)|

Table 5.1: Parameters of the coplanar waveguide with ground (CPWG) used by Quantic
X-microwave for the A5T5.

The matching circuit consist of a shunt and a series capacitances (see C1,C3 and
C2,C7 in figure . The tuning of the matching circuit was done only on the shunt
capacitances as the series cap. have close values compared to the one used in the datasheet
for the configuration in the closest frequency band (2630MHz). The values of the series
capacitances were assumed to be 2.4 pF and 20 pF for C3 and C7 respectively. The
simulation was done using Advanced Design System (ADS) and the circuit model used is
shown in figure [5.5

The resulting S-parameters are given in figure [5.6] First, we see that the initial
configuration is indeed matched at 2140 MHz. Secondly, we see that the new matching
leads to very bad results. From the reflection coefficients (S11, S22), we see that the S22
is especially badly matched around 3GHz (S22 is near 0dB). This matching is inconclusive
and must be retuned.

To be certain of the matching capacitors values, we change the series capacitor with
new capacitors that have a known value (2.4 pF and 20 pF for C3 and C7 respectively).
We will also measures the S-parameters of the A5ST5 without shunt capacitors to obtain a
better simulation model. We left the series capacitors to protect the VNA as they act as
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Figure 5.4: Diagram representing the ADL5324 and its bias and matching circuits.
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Figure 5.5: ADS model of the ADL5324 and its matching circuits. The thick blue square
indicates the component that have a fixed position due to the trace layout (gap in the
transmission line to place the series components).
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Figure 5.6: S-parameters of the A5T5 in its initial configuration and 2nd version after the
first redesign of the matching circuits in ADS.
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DC block.

To obtain the S-parameters of the bare ADL5324, we mathematically remove the
CPWG lines between the measurement ports and the DUT ports. We also remove the
effects of the series capacitors (C1 and C7). The S-parameters we obtained are shown in
figure We see that the measured S-parameters correspond to quite well with the one
with the one provided by the manufacturer. Still, we replace the S-parameters used in the
simulation by the one we measure as they should better describe our ADL5324 and there
is no inaccuracies due to device to device variations.

S-parameters of the ADL5324
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Figure 5.7: Deembedded S-parameters of the A5T5. They correspond to the S-parameters
of the ADL5324 at its ports. The parameters given by Analog Device (Reference) are
compared to the one measured.

A new tuning is performed in simulation. In order to prevent having to resolder the
capacitors multiple time, we first test the matching by measuring the reflection coefficients
at each port while pressing down the new capacitors at their desired location. As the
results were similar to the simulation, the capacitors were soldered in their new location.

The results are given in figure 5.8 We see that the gain of the A5T5 at 2.9 GHz is
about 13 dB. The matching at port 2 is in resonance at the desired bandwidth leading to
a reflection coefficient below -10 dB over the bandwidth. Unfortunately, we see that, at
port 1, the resonance occurs at a higher frequency than expected.

The input impedance of one port of an amplifier depends on the load presented at the
other port. This means that a simple S-parameters which describe a linear behavior is
not sufficient. This can be the cause of the observed difference in matching at the port 1.
If we want to improve the matching, we can do a new measurement with only the port 2
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shunt capacitor. Then the new model should lead to a better matching. Nevertheless, as
the gain is good is the band of interest, we will stop modifying the circuit.

S-parameters of the A5T5
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Figure 5.8: S-parameters of the A5T5 in its final configuration (tuned for 2.9 GHz).

5.2.4 Complete circuit

The complete RADAR circuit is given in figure [5.9

The IN port correspond to the FMCW input signal. The OUT port correspond to the
resulting mixed signal that must be sampled.

The TX and RX port correspond to the TX and RX antenna respectively.

At this stage, we already have multiple ideas for improvements.

First, as said before, the LNA was poorly chosen. Using a better LNA will immediately
improve greatly the performances of the receiver.

Then, the current design supposes that the antennas are matched. As it is hardly the
case, matching circuits must be added the TX, RX ports and the antennas.

Finally, more amplifiers can be added to the RX chain. and the LO power can be
increased to reach the optimal 4dBm value.
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Figure 5.9: Complete design of the RADAR. The name of the XMW block are given for
all the components. The expected power (TX) or gain (RX) is shown at each step.
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Chapter 6

Choice and design of the antenna

As said in section 7?7, in this work, we will focus on the azimuthal angle detection to
simplify the architecture. This has a direct repercussion on the antenna design.

As the radar is directly mounted on an UAV, we can freely rotate its referential around
the vertical axis. The angle detection could then be implemented solely using the mobility
of the vehicle.

However, this means that the UAV must do a large amount of maneuvers to be able
to scan a large angle range. This can complexify how the UAV is driven as it must then
keep the target in the main beam of the RADAR as well as following the target while
avoiding obstacles. Therefore, we will perform angle scanning with the RADAR to reduce
this burden.

Nevertheless, we can still use the mobility of the UAV for the small angle scanning.
The RADAR will then coarsely determine the target direction and the UAV will perform
small adjustments. This approach can be justified by the fact that, because of the short
range, a general direction is sufficient to follow the target.

In the following section, we will explore the concept of switched antenna array.

6.1 Principle of switched antenna array

A switched antenna array is composed of multiple antenna elements that are connected to
the RF circuit through RF switches. These switches change the shape of the radiation
pattern by controlling which elements are powered. Two examples of such arrays are given
in [12] and [16].

The most basic idea with switched antenna array is to associate each directions of
scanning to a single element. By selecting the powered element, the direction of the main
lobe is chosen. Thus, we can achieve a a large scanning range using a simple architecture
composed of a small number of antenna element.

An example of an antenna array with 8 directions for a scanning range of 360° is shown
in figure [6.1] Each element is a monopole with two ground planes. These elements have a
main beam in the direction of the monopole from the vertical axis at the center of the
structure.

As the different radiation patterns overlap, the complete 360° range is scanned. The
resolution is then 360°/8 = 45° which is quite a poor resolution. In our case, as the small
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Figure 6.1: Switched antenna array described in ]\

angle scanning can be performed by the UAV, we can suppose that this poor resolution is
not impacting the functionality of the system.

6.1.1 Increasing the angular resolution using true delay lines

If a higher resolution is required, one could increase it while keeping the same switched
antenna array.

As described in , we can increase the number of scanning direction in a very simple
and cheap manner using only some true delay lines and additional RF switches. However,
to be able to implement this, the radiation pattern of successive elements must have a
significant overlap (e.g. see fig . This overlap allows for a significant interference
between the two antenna such that the radiation pattern is modified.

6.2 Design of the cake antenna

In this work, we need two antennas: the fundamental and harmonic antenna. These two
antennas work around 2.9 GHz and 5.8 GHz respectively.

We will base the design of our antennas on the hat antenna described in [16]. This
choice was motivated by the simplicity of its fabrication and the possibility of stacking
the two antennas. The obtained geometry resembles a cake with candles (see fig and
we will thus call this antenna, the cake antenna.

6.2.1 Results of simulation in CST studio

The antenna was simulated using CST studio. We begin with the model of the hat antenna
scaled for the fundamental frequency. Then, a second scaled version of the hat antenna is
placed on top of it.

From these simulations, we can optimize the dimensions of the antenna to maximize
the gain. The optimization strategy is the following, first we performs sweeps of the
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shown on the diagram.
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Figure 6.3: Antenna obtained by superposing two hat antennas with a scaling factor of 2:
The cake antenna. The two model are shown. On the left: Initial cake antenna; On the
right: Smaller cake antenna that was manufactured and tested.

different parameters. The results of these sweeps is shown in appendix [A] Then, we select
a point that maximizes the sum of the two gains (the factor G of equation .

Finally, we perform local optimization to find the local maxima of the global antenna
gain G. The radiation pattern after optimization in the azimuthal plane is shown in figure
0.4

However, the large dimension of the antenna makes it hard to manufacture on a
normal lathe. Therefore, we modify the model and limit the largest radius. After a second
optimization, we obtain the following radiation pattern (see figure . We see that the
directivity is reduced of 2 dB and 2.5 dB for the fundamental and harmonic antenna
respectively. Nevertheless, its smaller dimension makes it much easier to manufacture.
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Radiation pattern of the large cake antenna

180°

2.9 GHz 8.45
5.8 GHz 7.67 |

Figure 6.4: Directivity of the large cake antennas. The fundamental antenna is simulated
at 2.9 GHz and the harmonic antenna at 5.8 GHz.

The realized gain was also given in figure It correspond to the gain of the antenna
considering impedance mismatch. We observe a large gain reduction for the fundamental
antenna and a smaller one for the harmonic antenna. This is because the matching of
the harmonic antenna is better. We see that if we want to obtain the best performances
(as close as the directivity as possible), a matching circuit is required for at least the
fundamental antenna.

6.2.2 Impedance at the disconnected elements

A critical design choice is the RF switches. RF switches can be divided into two group the
reflective and absorptive switches. These groups differs by the impedance of the switch
when in the OFF state: an open/short and a match for the reflective and absorptive
switch respectively.

This choice is important because the radiation pattern changes depending on the
switch type. From simulations, the highest gain is obtained for an open impedance at the
unused SMA port compared to a matched impedance.

This means that the coupling between the different monopoles is contributing to the
global gain.

6.3 Antenna prototype

In this section, we will present the prototype of the cake antenna.

The ground plane is first manufactured using a lathe. All the holes are then drilled
and some are tapped to allow the monopoles to be screwed on the ground plane.

Then, the monopoles are build using straight panel mount SMA connectors and
¢1lmm copper wire. The copper wire is cut at the correct length, the insulation layer is
removed using sandpaper and the wire is placed in the connector receptacle. The resulting
monopoles are shown in figure [6.6a]
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Radiation pattern of the small cake antenna
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5.8 GHz 5.93 5.53

Figure 6.5: Radiation pattern in term of directivity and realized gain of the cake antenna.
It is shown for the azimuthal and elevation planes.

Finally the prototype is assembled by screwing the monopoles from the bottom of the
ground plane.

We have chosen to only use 6 monopoles (3 for each antenna) instead of 16 to simplify
the manufacture. A minimum number of 3 monopoles instead of 1 was chosen at each
frequency such that some coupling effects remains. The measurements of the prototype
will be compared with a new simulation that has only 6 monopoles.
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(a) Monopoles of the protoype built from a SMA
connector (shown on the right) and a ¢$1 mm
copper wire. The length of the exposed copper
wire is a quarter wavelength at the frequency of
interest plus 4mm (thickness of the aluminum).

(b) Final prototype of the cake antenna placed
in an anechoic chamber.

Figure 6.6
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Chapter 7

Results and measurements

In this section, we will characterize the figure of merits (FOMs) of the RADAR circuit
and antennas. From this characterization, we will then evaluate the performances of the
radar with respect to the application and orientate future developments.

This section is divided into 4 parts. First the 3 part of the system developed in this
work (The transmitter, the receiver and the antenna) are characterized. Then a link
budget is performed and the maximum range of the system is deduced.

7.1 Characterization of the transmitter

The first characterization we will perform concerns the transmitter (TX). This part of the
system amplifies a signal coming from a signal source to a high power. The main figures
of merit of the TX is the gain, the maximum output power and harmonic distortion.

The 1 dB compression point (OP1dB) gives an idea of the maximum allowable power
before reaching the non-linear region of the amplifiers. The harmonic distortion is the
result of the amplifiers non-linearities. Non-ideal power is generated at the harmonics of
the input signal. In an harmonic RADAR, this harmonic power can disrupt the system
operations.

Indeed, the main argument of using an harmonic radar over a traditional radar to track
very small targets is that the receiver is insensitive to the transmitted signal. Then, the
reflections on non-target object does not mask the target signal. We can easily understand
that if the emitted signal contains power at the received signal frequencies, this principle
is disrupted.

7.1.1 S-parameters

S-parameters are a powerful tools to characterize the behavior of RF circuits. Indeed,
quantities used for low frequency circuits such as voltage and current are difficult to
measure when the wavelength becomes comparable with the circuit length. It is defined
as a ratio between pseudo-power waves that propagate between ports.

The instrument used to measure these power ratios is called a Vector Network Analyzer
(VNA). It uses couplers to measure the waves propagating in the forward and backward
direction at the ports of the circuit. Then the coefficient between transmitted and reflected
power at each and between ports can be obtained.

One of the main concept for the practical use of a VNA is the calibration. Without
calibration, the results obtained from a VNA do not have a physical meaning. Indeed,
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the different non-idealities prevents from obtaining the real S-parameters.

The calibration is a procedure designed to estimate these non-idealities and remove
their effect from the measurements. This calibration is defined between two reference
planes (in the case of a two ports VNA). After correction, a calibrated VNA behaves as
an ideal VNA up to these two reference planes and the measured S-parameters describes
only the elements that are present between them.

In the case where the reference planes are not directly located at the DUT port, so
called deembedding can be performed. Deembedding changes the locations of the reference
planes by mathematically removing the effects of the components placed between the
calibration reference plane and the wanted reference plane.

Setup

The instrument used is an Anritsu MS4644b VNA. The devices under test (DUT) are
placed on the XM-board and XM-probes (coaxial-CPWG fixtures) are used to connect the
DUTs to coaxial cables. The active elements are supplied by individual voltage regulators
placed under the board as described in section [5.1.3] The VNA calibration was done using
an Anritsu coaxial SOLT calibration kit.

In practice, 401 frequency points are measured between 10MHz and 15GHz and an

IFBW of 300 Hz is used.

Methodology

A frequency sweep is performed from 10MHz to 15GHz and the S-parameters are measured.
The test setup and different reference planes are shown in figure [7.I As the DUT ports
are defined in coplanar waveguide and not in coaxial cable, fixture deembeddingﬂ must be
performed to bring the reference planes to the DUT ports.

DUT I XM-probe

Coax. ref. plane

p1 VNA Pr2 CPWG ref. plane

Figure 7.1: Setup for measuring the different XM blocks. The reference planes before and
after deembedding of the XM-probe are shown in dashed and dotted line respectively.

At this end, the s-parameters of the XM-probe are required. We can perform network
extraction to obtain them. The VNA contains an utility to easily obtain the S-parameters
of a fixture from 2 one port calibrations at each pair of reference planes under the
assumption that the fixture is symmetrical. The results from this procedure is shown in
figure [7.2l We observe that the insertion loss (IL) of the probe is in fraction of dB and

Intermediate frequency bandwidth = resolution bandwidth
2Deembedding is the mathematical equivalent of removing the fixture and allows to isolate the DUT
scattering parameters from the test setup.
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that the reflection coefficient is below -20dB over the whole bandwidth, meaning that
these fixtures have good performances.

S-parameters of the XM-probe through network extraction

Transmission
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0.0 — i — Gz

-0.2

Magnitude [dB]

-0.3

2 4 6 8 10 12 14 2 4 6 8 10 12 14
Frequency [GHZz] Frequency [GHZz]

Reflection

50 — SI1
— S22

Magnitude [dB]

2 4 6 8 10 12 14
Frequency [GHz]

Figure 7.2: S-parameters of the XM-probe between 10MHz and 15GHz

The probes at each port are then deembedded from the measurements to obtain results
closer to the real performances of the DUT. In the case were the output power of the
DUT (measurement of the complete TX) is close to the maximum input power of the
VNA (28 dBm), a coaxial attenuator is added to avoid compression and damage to the
VNA. It is then deembedded from the measurements using s-parameter obtained from a
direct measurement of the attenuator. Note that an external DC blocks are not required
because all the active DUTs have integrated DC block (series capacitor) in the signal
path.

Results

The complete TX circuit is depicted in figure 7.3} It contains 2 amplifiers (A114 & A5T5),
a 3dB power divider, a low pass filter (LPF) and a frequency doubler (f x 2). These blocks
are connected using jumpers as described in section and XM-probes are used on the
IN and TX ports. The output of the frequency doubler is loaded by a matched load to
avoid reflections.

The most important blocks of the TX is the amplifiers. The s-parameters of the
TX amplifiers are given in figure The gains of the A114 and A5T5 around 2.95
GHz (Fundamental band) are 18.01dB and 13.18dB respectively. This bring the total
amplification of the transmitter to 31.19dB. This amplification does not take into account
the ILs of the passive elements. It is therefore an upper bound on the total amplification
capabilities of the TX.

We can measure the S-parameters between the TX ports (see figure [7.3]) to obtain

the true amplification. For this measurement, we apply deembedding only on the IN
fixture. This choice of reference planes is closer to the actual use as the input signal is
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Figure 7.3: Isolated TX of the RADAR. The output of the frequency doubler (f x 2) is
loaded to prevent reflection. The other ports are connected using XM-probes and adjacent
blocks are connected using GSG jumpers. The reference plane are defined in CPWG (IN
port) and coaxial waveguide (TX port).
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Figure 7.4: S-parameters of the 2 amplifiers of the TX. The fixture between CPWG and
coaxial have been deembed. Port 1 is connected to the input and port 2 to the output.

typically generated on the same PCB as the rest of the RF circuit while the output port
is connected to an antenna using a coaxial cable (i.e. need of a fixture to convert CPWG
to coax). The total measured amplification at 2.95 GHz is 26.7 dB.

There is therefore a difference of 4.49 dB with the total active amplification of 31.19
dB. We can take a look at the S-parameters provided by Quantum X-microwave for the 3
dB splitter and LPF. The IL for these two elements is 3.86 dB and 0.65 dB respectively
for a total of 4.51 dB which is close to the measured value.

Like the amplification in the fundamental band, we can focus on the amplification in
the harmonic band (around 5.8GHz). Ideally, we do not want that the transmitter does
not emit any power in this band. From the S-parameter, the amplification is around -85
dB.

To assess the consequence on the circuit, we can take an example of a simple signal
source. The ROS-3800-119R+ from MiniCircuit is a wideband 1900 to 3700 MHz wideband
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Figure 7.5: S-parameters of the TX. The reference plane at the IN and TX port are
defined in CPWG and coax. respectively.

VCO. Around an output frequency of 2900M Hz, its output power is 6.23 dBm and the
second harmonic is at -22.4 dBc [24]. The signal power around 5.8GHz is -16.17 dBm.
When we apply it on the TX, this power is attenuated and becomes -101.17 dBm at the
output.

7.1.2 Gain compression and output power

Amplifiers are non-linear device. Their characteristic depends on their operating conditions.
One such example is the gain compression (i.e. the output power saturates when it reach
a certain level). One of the main characteristic of a transmitter circuit is the maximum

power it can output. Gain compression is therefore an important effect to characterize in
the case of the TX.

Setup

The setup for gain compression is essentially the same as scattering parameters mea-
surement (see figure [7.1)). The main difference is the configuration of the VNA. Instead
of varying the input signal frequency, it now vary its power by stepping the attenuator
value. As we are measuring high power signal, the 10dB attenuator is added to all
measurements to prevent the VNA from being damaged or VNA compression that could
ruin the measurements. The attenuator is directly included in the calibration, therefore,
it must not be deembedded?l

However, the setup is slightly different for the power amplifier (A5T5). Indeed, the
input power must be sufficient to put the amplifier in compression. As the maximum
output power is insufficient, a preamplifier stage must be added. This modified setup is
depicted in figure [7.6]

3This improve the measurements compared to deembedding as only the inaccuracies from one calibration
are contributing to the measurement error.
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The measurement frequency is chosen as 2.95 GHz to be inside the band. The number
of points in the power sweep is set to 35.

Pre- |
DUT
amp. || .
=
a.
pt VNA Pr2

Figure 7.6: Setup used to measure the power characteristic of the A5T5. A preamp (A114)
is used to ensure gain compression is reached and a 10 dB attenuator is added to prevent
VNA damage and VNA compression. The pre-amp and DUT are connected using a GSG
jumper.

Methodology

The range of power is configured based on the amplifier datasheet to ensure it reaches
compression.

To move the reference planes to the DUT ports, the gain (insertion loss) of the probe
is subtracted from the S21 value in dBE|. In the case of the preamplifier, the gain values
depending on the input signal power are used. The effect of the GSG jumper (lightgrey
square) is neglected.

In practice, the A114 is used as a preamplifier. Therefore, the measurement of this
amplifier is done before the A5T5 to be able to use the measured values for deembedding.
Using the measured values instead of a constant gain should lead to better measurement
as the compression of the pre-amplifier is compensated. As the power values are different
between the measurement to ensure compression, they are interpolated for deembedding.

The 1dB compression point is then computed as the point where the gain falls 1dB
below its level at P, =-30 dBm (At this input power, the amplifier is supposed linear).
To find the input power at which it occurs, a binary search with interpolation is used and
convergence is verified visually on the plots.

Results

The results of this measurements are shown in figure . The gain (S21) and the output
power are plotted for the 2 amplifiers and the complete TX.

Note that the IC of the A5ST5 (ADL5324) incorporates a dynamically adjustable
biasing [5]. This allows to dynamically change the current consumed by the amplifier (i.e.
62 mA for 3.3V and 133 mA for 5V). The trade-off concerns the P1dB and OIP3 of the
amplifier and is shown in tab. [7.7]

As being able to dynamically change the power consumption of the A5T5 could be
interesting in the context of an UAV, the gain compression for the 2 bias voltages was
measured by simply changing the voltage regulator supplying the amplifier (using the one
for the A2N4).

4The assumption is that the losses of passive components is not dependent on power
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33V | 5V | 33V | 5V

OP1dB | 23.6 dBm | 27.8 dBm  OP1dB | 25 dBm | 28.5 dBm
OIP3 | 32.4dBm | 42 dBm OIP3 | 29.3 dBm | 36.6 dBm
(a) @ 2630 MHz (b) @ 3600 MHz

Figure 7.7: Typical P1dB and OIP3 of the ADL5324 for different bias voltage. The values
are taken for the two bands closest to this work fundamental frequency band.

A table shown in figure summarizes the different input and output power at the
1dB compression point. The A114 is the first block at the input of the TX. If we take a
look at the IP1dB of the TX and A114, we see that the TX reach 1dB compression 3 dB
lower than the A114. Therefore, the A114 in the TX circuit does not reach compression
even when the whole TX is.

If we compare the OP1dB of the A5T5H and TX biased at 5V, we observe a difference
of 0.15 dB. This is expected as only the A5T5 is in compression (see before) and the
output power essentially depends on the amplifiers that have reached compression. The
observed difference can be attributed to the ILs of the TX and probe. However, from
the LPF specifications, the difference should be around 0.6 dB instead of 0.15 dB. When
we do the same for a bias of 3V, we obtain a difference of 1.4 dB which is greater than
expected. This could mean that the measurements are imprecise. Another explanation is
that this behavior is caused by the bias voltage that is slightly too low (3V instead of
3.3V). This could lead to the unexpected behavior we observe.

More measurements using a dedicated LDO that provides the right voltage is therefore
needed to better assess the amplifier behavior relating to the bias voltage.

Finally, we can compare the measurements with the values from the datasheet (see
figure [7.7). The measured OP1dB is 27.5 and 26 dBm for 5V and 3V respectively. We see
that these values are relatively close to the one in table [7.7]

We can conclude that the maximum power of the TX is around 27 dBm or 0.5 W.

7.1.3 Power of the harmonics of the transmitted signal

With the S-parameters, we have quantified the linear behavior of the TX. However, the
amplifiers are non-linear devices. To reach a high power, the power amplifier (A5T5) must
be operated near compression. In this operation region, the signal distortions become
more important and less negligible.

In the context of this application, the most important distortion is the generation
of the signal harmonics. Indeed, in a harmonic radar, the receiver is made sensitive
specifically to the second harmonic. Quantifying the amount of power emitted by the TX
in the harmonic band is therefore an important figure of merit.
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Figure 7.8: Power sweep of the TX amplifier and complete TX circuit. The 1dB compres-
sion point is defined with respect to the gain at low power (-30 dBm).

Setup

For this measurement, we use a signal analyzerf’| (SA) and a signal generatoif] (SG). The
test setup is depicted in figure A signal in the fundamental band (i.e. 2.95 GHz) is
applied on the IN port of the TX and the output is measured. A coaxial matched load is
connected to the LO port to prevent reflection.

Coaxial cables are used to connect the instruments (SG and SA) to the circuit.

SKeysight N9042B 50 GHz Signal Analyzer
6Keysight N5183B MXG X-Series
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To have a good resolution with reasonable measurement time, the span measured must
be limited around the frequency of interest. We choose a resolution bandwidth of 10 Hz
and a span of 5 kHz.

oo o Tx

Figure 7.9: Setup used to measured the harmonic distortion of the TX. A signal generator
(SA) is used to provide the input signal and a signal analyzer (SA) measures the output
spectrum. A load is connected to the LO port to prevent reflections and a 10 dB attenuator
is added in the signal path to protect the SA and avoid compression. The reference planes
are defined as in the S-parameters measurements.

Methodology

The signal analyzer measures the spectrum at the TX port. Then, the power of the
harmonic is computed from the spectrum as the integral of the spectrum (in the linear
domain) over a small bandwidth around the harmonic frequency.

As the signal generator is not ideal and produce harmonic distortion, we evaluate its
impact on the final measurement to ensure that the obtained FoMs mainly characterize
the DUT and not the SG. From the signal generator technical specifications, we get a
lower bound of the harmonic distortion. For an output power of 10 dBm and frequencies
between 2 GHz and 5 GHz, the 2nd harmonic power stays below -70 dBc [13]. We can
then suppose that for an output power of 1.5 dBm, the 2nd harmonic power is below -68.5
dBm. Using the amplification of the TX for the 2nd harmonic band (-85 dB), we get an
increase of power of -153.5 dBm which is negligible. Therefore, we can suppose that the
harmonic distortions measured are only caused by the TX non-linearities.

The cables linking the DUT and the SA/SG are lossy and an attenuator is placed
before the SA input to protect it and prevent SA compression. Therefore, precaution
must be taken when taking the measurements. First, the cable loss to the input of the
DUT must be compensated to ensure that it is driven at the correct level. Using the
transmission coefficient of the cable at 2.95 GHz (from s-parameters), the signal generator
is set to 2 dBm instead of 1.5 dBm to compensate the 0.5 dB loss. Secondly, the cable loss
and from the DUT to the input of the SA (evaluated from S-parameters measurements)
and attenuator loss are removed from the measurements in post-processing.

Results

The spectrums at the fundamental and harmonic frequency (2.95GHz and 5.9 GHz) for 2
different TX configuration (With and without output LPF) are depicted in figure
The spectrum were evaluated for 2 input power to assess the effect of gain compression on
harmonic distortion. The chosen power is 2 dBm and 0 dBm at the signal generator. Due
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to the cable losses, the true power applied on the TX is 1.52 dBm and -0.48 dBm. The
two configuration are therefore above and below 1 dB compression (see section [7.1.2)).

We see that the TX with the LPF has an harmonic distortion of around -83 dBc and
-85 dBc for the low and high input power respectively. When we remove the LPF, this
distortion raise up to -44.8 dBc and -43.977 dBc respectively. The improvement due to

the LPF can be quantified as approximately 40 dB at the cost of a reduction of power
(due to LPF IL).

Spectrum at the output of the TX
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Figure 7.10: Spectrum of the TX at the fundamental and harmonic frequency for 4
configuration. The bandwidth used for the integrated power method is highlighted in
green.

From the spectrum measurements, we can also notice the presence of phase noise. This
could be an interesting characteristic to know about a FMCW RADAR as it could lead
to a reduction in performance . In a harmonic radar, due to frequency conversion, the
phase noise is increased by a factor of \/n (in the ideal case) with n being the harmonic
used in the receiver (2 in this work). Therefore, the phase noise of the emitted signal
must be known precisely and the effect of frequency conversion must be known.

62



However, the output signal phase noise mainly depends on the one of the input signal.
As we do not use a dedicated signal source, it would not make sense to characterize this
distortion at this stage.

7.1.4 LO power

The last measurement on the TX we will perform concerns the LO power. From figure
the input signal is amplified and fed to a frequency doubler.

In the complete circuit, this signal is then fed to the mixer. From its datasheet, the
mixer reaches a minimal conversion loss of 6.26 dB for a LO power of 4 dBm [23].

Setup and methodology

The setup and methodology are essentially the same as the one used in harmonics
measurements. The only difference is that we only look at the maximum power instead of
the integrated power over a small bandwidth.

Results

The power spectrum as well as the maximum power of each curves is shown in figure [7.11]
We obverse that when we use an input power of 1.52 dBm (TX at 1dB compression), the
LO power only reaches 3.5 dBm and not 4 dBm. We then expect a mixer conversion
loss lower than 6.26 dBm. Note that the amplifier between the input port and LO port
(A114) is not in compression. This means that we can use a different power divider or a
small attenuator in the IN->TX branch to drive the A114 at a higher power to reach the
desired LO power.

From previous measurements, we can estimate the expected power of the LO. At
2.95GHz, the A114 has a gain of 18dB and, from its datasheet[21], the coupler has an
insertion loss of 3.8dB. Using the conversion loss provided in the datasheet|22] of the
frequency multiplier (12.1dB at an input power of 17 dBm), we obtain an expected LO
power of 3.62 dBm which is quite close to the one measured.

We also measured the LO power for another drive power. We see that while the input
power is reduced by 2 dB, the obtained LO power is reduced by around 2.1 dB. This
additional loss is caused by the fact that we approach the minimum drive power of the
multiplier (13 dB). Similarly, the multiplier is rated only for input power up to 17 dBm
which correspond to an LO power of around 5 dBm. This value is sufficient for driving
the mixer and the current multiplier does not have to be changed.

We also measures the unwanted fundamental component of the frequency double signal.
The so-called fundamental isolation is then around 25.6 dBc. As the mixer that is used is
wide band (2800-8000 MHz), this non-ideal fundamental signal create additional mixing
products that can disrupt the receiver operations. If we want to improve this non-ideal
isolation, we can simply add a HPF after the frequency doubler at the cost of an additional
insertion loss.

7.2 Characterization of the receiver

The receiver is the second part of the RF circuit. Its main figure of merit are its
gain/conversion loss, noise figure and isolation.
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Spectrum at the output of the multiplier
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Figure 7.11: Power spectrums at the LO port of the TX around the fundamental (2.95
GHz) and harmonic frequency (5.9 GHz)

The gain is important to bring the amplitude of the signal inside the range allowed by
the ADC.

The noise figure characterize the relation between the SNR of the input and output
signals. As said before, the SNR threshold of the parameter estimation method used
specify the SNR required to obtain correct performances. This allows to estimate the
required input SNR from this specification.

Finally, the isolation describes how the LO signal leak to the RF and IF ports of
the receiver. This leakage can have an important impact on the system. Power at the
harmonic frequency can leak and be reemitted by the antenna. This leads to the same
problem as the TX harmonic distortions. Power leaking from the LO port to the IF port
can cause distortion as well as saturate the ADC.

7.2.1 S-parameters and conversion loss

S-parameters are also useful to characterize the behavior of the receiver. They can be
defined even though frequency conversion is performed inside the DUT (such as for a
mixer). However, to be able to measure them, the VNA must be equipped with two sources
(in the case of a two port VNA) that can be independently set at different frequencies.
The Anritsu MS4644b is only able to do this if an option is enabled (Multiple source
control). As the one that was used in this work is not equipped with this option, it is
unable to perform these measurements.

Nevertheless, measurements using a signal generator and spectrum analyzer were
performed to get the receiver performance for a frequency. In the case of the amplifier, as
they do not include frequency conversion, they can be directly measured using a simple
VNA.

Setup

The setup used to perform S-parameters measurements is the same as the one used in

section [T 111
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For the conversion loss measurements, two signal generator were used to produce the
two input signal (LO and RF signals). The setup is shown in figure . The TX is used
to drive the LO port. The conversion loss can then be given in term of TX input power.

Filters are added to the input and output of the filters to remove out of band noise
and better discriminate the output signal.

SGl 2.9GHZ
TeD 5.81GHz
IN
Mixer H—HLO TX 5012

—_
SA

Figure 7.12: Setup used to measure the conversion loss of the mixer. The 2 input signals
(RF and LO) are generated using two un-synchronized signal generator and the output is
measured using a signal analyzer.

Methodology

First, the power supplied at the TX and RF are estimated by removing the cables and
filters losses. For this purpose, the cables and the RX band pass filter insertion loss
s-parameters were measured.

Then, the IF power is measured around the estimated IF frequency (frr = frr—2fL0).
As for the other ports, the cable loss and filter loss are removed. In this case, as the IF
frequency is low (5MHz and 10MHz), the s-parameter can not be measured by the Anritsu
MS4644b VNA. Therefore, the insertion loss of the filter was taken from the datasheet and
the cable insertion loss was taken as the lowest measured S21 from the VNA (10MHz).

Results

Multiple measurements were done to observe the dependance of the conversion loss on
LO power and IF frequency. They are summarized in figure We see that the mixer
achieves a lower conversion loss than expected.

We can also see that the conversion loss decrease with the LLO power as it comes near
the optimal LO power of 4 dBm.

The S-parameters of the 2 amplifiers of the receiver chain are given in figure [7.14
Additionally, their values at 5.9 GHz is given in table [7.1]
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Figure 7.13: Conversion losses of the mixer for two IF frequencies. The power at the IN
port of the TX was swept from -0.5 dBm to 1.5 dBm (corresponding to an LO power
ranging approximately from 0.5 dBm to 3.5 dBm).

First, we will take a look at the D2B4. It is a wideband amplifier that has a moderate
gain over a large bandwidth from 50 MHz to 6GHz. We see that the S-parameters corre-
spond exactly to this description. The gain over the whole bandwidth is approximately
14 dB and a matching of -10 dB.

Now we take a look at the low noise amplifier (A2N4). We notice that, when compared
to the S-parameters provided by the supplier, the gain saturates at low frequency. This
is caused by gain compression. Indeed, the excitation power was set to 0 dBm and the
saturated power of the A2N4 is approximately 20.5 (from the datasheet|20]).

First, we see that the gain at low frequencies is very high (up to 26 dB). It then falls
down as the frequency increase. It reach the following point: 20 dB at 1 GHz, 10 dB at
4.5 GHz and 0 dB at 8.5 GHz.

Another important characteristic is the unidirectionality of the amplifiers. It is
especially important for amplifiers that are on the RF side of the receiver. A good unidi-
rectionality prevent the LO-RF leakage from reaching the antenna and being reemitted.
Similarly, the reflection coefficient of second port indicates the amount of LO-RF leakage
that is reflected back to the mixer.

| So1 [dB] | S12[dB] | Sy [dB] | Sy [dB]
A2N4 | 718 | -1655 | -10.84 | -12.1
D2B3 | 12,57 | -18.38 | -11.33 | -17.6

Table 7.1: S-parameters of the RX amplifier at 5.9GHz.



S-parameters of the RX amplifiers
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Figure 7.14: S-parameters of the two TX amplifiers. We see that the A2N4 reach
compression for low frequencies (Compared to the s-parameters provided by the supplier).
Port 1 correspond to the input of the amplifiers and port 2 to their output.

7.2.2 Noise figure

The noise figure of a circuit describes the relation between the input SNR and output
SNR. Multiple techniques can be used to measure this figure of merit. The one used in
this work is the Y-factor method (see ﬁgur. This method consists in measuring the
output power for 2 temperatures of input noise. From these 2 measurements, the noise
figure is estimated by computing the value of input temperature for which the output
temperature is zero. Additionally, the gain of the DUT is deduced from the slope of the
line. As seen on the graph, the y-factor is based on the assumption that the DUT behaves
linearly with respect to the input noise power. The noise figure of an amplifier in gain
compression can therefore not be performed using this method.

Setup

For this measurement, we use a SA|Z| and a noise sourceﬁ. The noise source and SA are
connected through USB such that the noise figure utility can control the state of the noise
source. The DUT input is then connected to the noise source and its output to the SA.
Additionally, a calibration of the noise source is needed. The cables and connector
used during this calibration should be similar to the one used in during the measurements.
At this end, the cable connecting the noise source and SA (cal.) is composed of the 2
cables at each end of the DUT (meas.) with an additional female-female SMA adapter.

The setup is depicted in figure [7.16] The measurement are performed for 2 different
frequency range. The first one is a low frequency band starting at 500MHz (lowest
frequency of the noise source) to characterize the behaviors of the amplifiers in IF. The
second one us centered around 5.9 GHz to measure the behavior of the amplifier in RF. In
both cases, the number of frequency points measured is 11 and The measurement spans

"Keysight N9042B 50 GHz Signal Analyzer
8Keysight U1833D USB Smart Noise Source500 MHz to 60 GHz
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Figure 7.15: Illustration of the y factor method. The noise temperature of the DUT
(Tpyr) is deduced from two measurement of the output noise power (7,,;) at different
input noise temperature (7),,; and T.,q). The slope of the line also estimate the gain of

the DUT.
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Figure 7.16: Setup used to measure the noise figure of the RX amplifiers using the Y-factor
method.

are 100MHz and 300MHz and the RBWsﬂ are 300kHz and 4MHz respectively. 300KHz
and 4 MHz.

Methodology

First a calibration of the noise source is performed and effects of the cables are removed.
However, an adapter was used during calibration and XM-probes are used to connect
the CPWG DUT to the coaxial cables. This means that their are not accounted for.
Ideally, the probes should be removed from the measurement while the adapter should be
added. Therefore, as their attenuation is in the order of fraction of dB (0.1 dB) and that
their effects on the measurements are opposite, we will neglect the insertion losses of the

9The resolution bandwidth is the bandwidth over which the power is measured at each frequency
point.
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adapter and probes.

An average of 10 sweep is also performed to attenuate the noise randomness.

Results

The noise figures and gains of the two RX amplifiers are shown in figure [7.17} The means
of the two figures of merit in the two evaluated bandwidth are shown in the table below.
We see that the low noise amplifier (A2N4) has a lower NF in the two frequency bands.
However, its gain falls drastically at the high frequencies.
The second amplifier (D2B4) has more constant characteristics. Its NF and gain is
around 3.5 dB and 14 dB respectively.
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Figure 7.17: Results of the Y-factor method on the two RX amplifiers. It is measured
inside 2 frequency bands that correspond to the LO and RF side of the mixer.

Knowing these characteristic, we can evaluate the performance of multiple configuration
of the receiver. Indeed, we can deduce the noise factor (noise figure in linear domain) of a
chain of devices from their NF and gain. For a chain of n devices, we write F; = 10V:/10
and G, the noise factor and gain of the ith device with i=1,....n (1 is the closest to the
input and n is closest to the output). The noise factor of the whole chain F is then given
by eq. with the gain expressed in the linear domain.
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Therefore, to estimate the NF of the RX, we need to know the characteristics of all
the elements. In the case of a passive device, the NF is equal to the device insertion loss
if its physical temperature is equal to the reference temperature.

The mixer NF can be measured with the Y-factor configured for frequency conversion
DUT. The LO is then supplied with a signal generator and the NF is measured with the
noise source at the RF port and the SA at the IF port. Unfortunately, the results obtained
from these measurements were completely incompatible with previous measurements.
Indeed, the resulting conversion loss and NF were both approximately 3 dB better than
the expected values. Multiple configuration were used with RF filtering and pre-amplifier
to obtain better measurements. Therefore, we will consider the mixer as a passive circuit
and use a NF equal to the conversion loss.

F=F+ (7.1)

We will consider multiple configurations: the intended configuration, the modified con-
figuration, the actual configuration and the upgraded configuration. These configuration
are shown in figure and the resulting NF and gain is shown in table [7.2]

From the NF formula (see eq. [7.1)), the NF has a lower bound equal to the NF of the
first block. In this case, this lower bound is equal to 1.85 dB (IL of the band pass filter).
We also see that the gain of a block reduces the impact of the NF of all subsequent blocks.
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Figure 7.18: Different configuration of the receiver considered. From (a) to (d): intended,
modified, actual, upgraded. The gain and noise figure are given in dB.

| | Gain [dB] | Noise figure [dB] |

Intended (a) 14.27 6.81
Modified (b) 12.57 4.67

Actual (c) -1.13 5.44
Upgraded (d) 40.45 2.78

Table 7.2: NF and gain of the receiver chain for 4 different configurations.

In the first configuration, the gain of the LNA (A2N4) is relatively low. This lead to a
poor receiver gain and noise figure.

To improve the receiver performance while keeping the same components, we move the
IF amplifier (D2B4) before the mixer such that the impact of the mixer NF is reduced.
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We see that the NF is improved by 2.14 dB at the cost of a reduction of gain of 1.7 dB.
However, as the gain is still high, we can add more amplifiers to improve the gain while
having a limited increase of NF.

Unfortunately, in the current prototype, we can not use the D2B4 amplifier as it
uses the same voltage regulator as the A5T5 (power amplifier) and only one is available.
Then, the actual configuration of the prototype is shown as (c). We see that, as we have
removed an amplifier, the noise figure is slightly better. This is expected as the noise
figure of the D2B4 is quite high and the gain of the previous blocks is low (around -0.9
dB). Furthermore, in the configuration (a), the reduction in NF thanks to the gain of the
D2B4 is only applied on the LPF which has an already low noise figure.

Finally, we will choose a better LNA to improve drastically the NF. We select a LNA
that has a gain of 26.5 dB and a NF of 0.9 dB at 6 GHz. Then, we use the A2N4 at the
IF side as it has good performances at low frequencies. We also select another LPF that
as a cutoff frequency that is more suited to the application. We see that both the gain
and noise figure is drastically increased. This configuration is therefore far better than all
the other thanks to the new LNA.

We can also consider placing the LNA before the BPF. This would then reduce the
NF of the BPF which is the main NF source of the last configuration (1.85 out of 2.78
dB). However, this operation should be done with care. Indeed, in a RADAR, there is
some crosstalk between the 2 antennas. This crosstalk at the fundamental frequency
can overload the LNA. Later in this work, we will estimate the power received through
crosstalk at around 0 dBm. If the gain of the LNA at the fundamental frequency is too
high, it will reach compression and prevent the operation of the whole receiver chain.

7.2.3 Mixer isolation

The isolation between the ports of the mixer is not perfect. There is leakage between all
the ports of the mixer. In our application, some of

Some power coming from the LO is leaked through the RF port. This power is then
reemitted by the antenna or reflected back to the mixer. In both cases, this power can
produce a signal that is similar to a strong target that is close to the radar. It can
then mask other true targets or limit the maximum possible amplification of the receiver.
Similarly, the LO-IF and RF-IF leakage can overload the IF chain if it is strong enough.

Setup

The setup used for the measurements of mixer isolation is depicted in figure [7.19 The
LO signal is provided through the TX by a signal generator. The power that is leaked to
the IF and RF ports is then measured in succession.

To improve the quality of the measurements, a load should be connected to the port
that is not currently being tested. Indeed, this would prevent reflections from the leakage
through the other port. In this case, as we do not have a load available for this purpose,
the resulting values of isolation should end up being worse than expected.

Another possible measurement setup for mixer isolation is achieved by using a VNA

to serves as SG and SA. The isolation will then correspond to the transmission coefficient
(S21 and S12).
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Figure 7.19

Methodology

Similar as other power spectrum measurements, the cable loss is removed based on S-
parameters measurements. The LO power is also estimated and the ratio between this
power and the maximum leakage power is computed. This gives us the isolation in dBc.

Results

The result of the isolation measurements is given in table [7.3] We see that the values
are indeed worse than the typical values from the datasheet[23]. As said before, this can
be caused by the reflection of the unloaded port. However, other factors can worsen the
measurements. First, the LO power (3.26 dBm) is not the same as the one used in the
datasheet (4 dBm) Secondly, this difference in value can be simply explained by device to
device variations.

Isolation (typical) [dBc]
LO-IF 30.03 (33.73)
LO-RF 40.32 (42.78)

Table 7.3: Isolation of the mixer at 5.9 GHz for a LO power of 3.26 dBm. The typical
value from the datasheet|23] is also given.

7.3 Antenna

The last part of the radar is the antenna. The main figure of merit of this part is its
impedance matching, gain and radiation pattern.

Antennas are not usually perfectly matched at 50€2. A matching circuit must then be
added to obtain the best performance from the antenna. An measurement allows to know
the impedance with the goal of designing the matching circuit.

The gain plays a direct role in the link budget. It depends on the shape of the antenna.
In direct relation, the radiation pattern gives the gain for multiple directions. These two
characteristics must be known to correctly establish the limit in the system in term of
range (gain) and tracking capabilities (Width of the main beam).
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7.3.1 Impedance and S-parameters

The impedance can be easily measured using a VNA. However, this characteristic depends
on the surroundings of the antenna. Therefore, one should match the antenna using the
impedance measured in an environment that is similar to the application. As such a test
environment is hard to replicate at this stage, we will only characterize the self-impedance
of the antenna. To achieve this, we place the antenna in an anechoic chamber such as its
surrounding is comprised only of the antenna itselﬂ.

Another characteristic that can be measured in the same way is the crosstalk between
the RX and TX antenna (i.e. the transmission coefficient, S21). This is important to
estimate the direct effects of the transmitter on the receiver.

The test setup is depicted in figure [7.20, The antenna is placed in the quiet zone of
the anechoic chamber and connected to the VNA using coaxial cables. Note that the
reference planes are not at the antenna ports but at the end of short cables for easier
access. Their effect will then be mathematically removed using their s-parameters that
were measured independently.

pi1 VNA P2

Figure 7.20: Setup for the antenna impedance measurements. The ports of the VNA
(P1,P2) are connected to the fundamental and harmonic ports of the antenna respectively

The measured S-parameters are shown in figure [7.2I] These measurements were also
compared to the S-parameters obtained in CST and seem to match reasonably. We observe
that the antenna is not well matched in the fundamental frequency band (around 2.95
GHZ) but well matched in the harmonic band (around 5.9 GHz). A matching circuit is
therefore needed to obtain the best performances.

The picture also shows the transmission coefficient between the two antennas. We will
now take a look at these coefficient in the two band of interest of our application.

At the fundamental frequency band, the crosstalk between the antennas can overload
the receiver. As an example, we consider an emitted power of 27 dBm, the power received

10An anechoic chamber only offers an approximation of this environment.
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Self S-parameters of the antennas
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Figure 7.21: Measured scattering parameters of the antennas with the reference planes
brought back to the antenna ports . The port 1 correspond to the fundamental port of
the antenna (2.9 GHz band) and the port 2 to the harmonic port (5.8 GHz band). These
parameters are compared to results of simulation done in CST software between 2.7-6GHz.

by the harmonic antenna is then -3 dBm. In this application, the power of the useful
received signal is very small. For a quick order of magnitude, we can consider only the
free space path loss. For a target at 3 meters, the path losses at the fundamental and
harmonic frequency are around 50 dB and 53 dB respectively. This means that the total
path attenuation is around -103 dB. From this, we have to add the conversion losses of the
tag and conductor/dielectric losses of all the elements to obtain the real received power.
Still, this outlines the need for enough amplification at the receiver.

If the first stage of the receiver is a LNA with an OP1dB of 15dBm, it can have a
maximum gain of 18 dB before compression. While one could use amplifiers with greater
OP1dB, this solution raises 3 problems. First, the ADC at the end of the reception chain
has a maximum input amplitude range, meaning that a too high input signal will be
distorted or will damage the ADC. Then, a high power signal will cause enormous losses
in each amplifiers, meaning an dramatically increased power consumption. Finally, the
amplifiers will have to be bulkier and be equipped with heat dissipation, dramatically
increasing the weight of the receiver. To be able to have a greater amplification, the design
must include filters that will attenuate the fundamental frequency while minimizing ILs at
the harmonic frequency. Band limited amplifiers could also be used, practically working
as filters if their reflection coefficient is high enough in the fundamental frequency.

In the harmonic frequency band, the crosstalk between the antennas leads to a false
target being detected. Ideally, the transmitted signal does not contain power at the
harmonic frequency. However, due to non-linearities in the signal source and transmitter,
this is not the case in practice. Considering an harmonic power of -60 dBm such as was
measured during the characterization of the TX, the power received by the harmonic
antenna is around -80 dBm. This power level should not overload the receiver but leads

to the detection of a strong non-existent target placed at a very low distance from the
RADAR.
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7.3.2 Radiation pattern
Setup

The test setup is given in figure [7.22]

The reference antenna is a Rohde&Schwarz HL025. Its largest dimension is 274 mm.
The Fraunhofer distance is then 2.9m at 5.8GHz and 1.45m at 2.9GHz. Due to the limited
size of the anechoic chamber, the antenna are placed 3m apart. We see that for 5.8GHz,
the Fraunhofer distance is comparable to the distance between the antennas. Therefore,
the condition for far-field is barely fulfilled. We can then say that we are not in near-field
but not truly in far-field.

Quiet zone

Ref. antenna

Ref. planes

p1 VNA P2

Figure 7.22

Methodology

The measurements we will perform are based on Friis path loss equation. As a remainder,
this equation is given in equation

A

2
PRX = PTXGTXGRX <47Td> (72)

Using this equation, we can deduce the gain of an antenna knowing the ratio between
the emitted and received power as well, the gain of the other antenna and the distance
between the antennas. This equation is applicable only in far-field. Therefore, we must
make sure that the antennas are placed in the Fraunhofer region of one another. The
limit of this region is given by equation [4.28|

Multiple well-known methods of measurement of the antenna gain based on the Friis
formula exist: the two-antenna (reciprocal) method, the three antenna method (gain
transfer) and absolute gain measurement.

The two antenna method uses two identical antennas under test (AUTSs). Under the
assumption that the gain of both antenna is the same, we can compute the gain by taking
the square root of the complete system gain (GrxGry) in equation .
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The three antenna method uses a reference and unknown antenna in addition with
the AUT. Its principle is as follows: we measure the received power of the reference and
AUT using the unknown antenna. Then, by comparing these two measurements (Ratio),
we obtain the gain difference between the two measured antenna. Knowing the gain of
the reference antenna, we can then obtain the gain of the AUT. This comparative method
allows to easily compensate the path loss, gain of the measurement antenna and various
test setup non-idealities (reflection, cable losses, etc.) without having to measure them.

The last method, the absolute gain measurement is the most precise method as it is
not based on assumptions (e.g. the gain of a reference antenna, the identical gain of the
two AUTS). That is why it is used in calibration lab. to characterize reference antennas. It
consists in a absolute power measurement in a controlled environment and then extracting
the gain from the Friis formula. However, this method requires extremely careful with
the methodology and take into account all possible losses and inaccuracy that are bot
dependent on the test setup (e.g. cable loss, signal source inaccuracy, inaccuracy).

In this work, as the antenna is not well matched at one port, we will obtain a gain
and radiation pattern that are not representative to the antenna when matching circuits
are added. Therefore, we will use a simpler measurement method that only require the
AUT and a reference antenna. From Friis equation, we notice that if we know the ratio
between emitted and received power as well as the gain of the reference antenna, we can
estimate the gain of the antenna.

We can then use a VNA which has its reference planes placed at the antennas port
to measure the S-parameters. The calibration of the VNA allows to easily remove the
cable losses ass well as source and receiver non-idealities. The transmission coefficients
(S21 and S12) will represent the ratio between emitted and received power. Therefore,
the gain of the AUT can be obtained from these coefficients by subtracting the gain of
the reference antenna and the path loss.

In practice, a calibration is performed at the reference planes that are shown in figure
7.22\ The cable between the reference plane and the AUT (left) is deembed such that the
pair of reference plane is at the ports of both antennas.

The antenna is then rotated using a positioner and the S21 measured to obtain the
radiation in all the desired directions.

Finally, the gain of the AUT is obtained by subtracting the path loss (at 3 meters)
and the gain based on the reference antennas specifications.

Results

We will now discuss the results from the gain measurements. The radiation pattern and
maximum realized gain for the measurements and simulations are shown in figure
To better match the prototype, the simulation was performed with a model that had
only 3 monopoles at each frequencies and using lossy materials instead of perfect electric
conductors (PEC). The radiation pattern is shown for 2 planes: the azimuthal plane
and the elevation plane. As said in section[3.3] we focus on the azimuthal plane in this work.

First, we take a look at the general shape of the radiation pattern in the two planes. We

notice that the radiation at the back of the antenna in the azimuthal plane is lower than
expected. This can be explained by the fact that the elevation during the measurement
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could have been slightly off by some degree. Indeed, from the graph in the elevation
plane, we see that the gain rapidly change around -180°. Therefore, for a small change in
elevation during the measurement, we observe a large difference in value. We see that
a few degree are sufficient to go from a gain of -20 dB to -15 dB which is the difference
seen in the azimuthal plane. In any cases, a lower back radiation is in fact better. This
difference is therefore not important.

Otherwise, the shape of the main lobe in the azimuthal plane is similar between the
measurements and the simulation.

In the elevation plane, the shape of the radiation patterns have roughly the same
primary and secondary lobes especially for the harmonic antenna (on the right in the
figure).

When we take a look at the values of the gain, we see that the measured one are 1 dB
or 2 dB (at 2.9 GHz and 5.8 GHz respectively) below what was expected.

First, at 2.9GHz, we see that, even though the points for which the angle is 0 in both
plane is geometrically the same, the gain is not the same for each value (3.13 and 2.16 for
the azimuthal and elevation plane respectively). For 5.8 GHz and the simulation, this
gain equivalence holds. This indicates that the measurement of the elevation plane at 2.9
GHz may be invalid.

Still, for the three other measurements, we see that a difference of 0.9 dB and 1.6 dB
remains. These difference could come from multiple source: inaccuracy in the test setup,
incorrect gains of the reference antenna and tolerance of the prototype dimensions (i.e. of
the monopole length). First, the test setup inaccuracies can come from the inaccuracy in
distance and polarization matching between the AUT and reference antenna as well as
possible reflections from the antenna support.

Secondly, the accuracy of the reference gain of antenna directly translate in a variation
of measured gain. As the reference gain was visually extracted of a graph from the
technical specification of the antenna, it could be quite imprecise. Similarly, if the AUT is
not properly aligned with the boresight of the reference antenna, a reduction in measured
gain is expected.

Finally, the antenna support can cause additional reflection that can interfere with
the radiation pattern. However, as it is made of PLA and is non-metallic, we can suppose
that the interferences should not be as significant as the observed difference.

To be conservative in the link budget, we take the measured values of realized gain as
they are lower than expected.

7.4 Maximum distance of detection

In this section, we will compute a quick estimation of the maximum detection range of the
current prototype. At this end, we will first perform a measurement of the tag conversion
efficiency to obtain the last remaining unknown of the link budget.

7.4.1 Tag conversion efficiency

This measurement is based on the methodology explicited in section [4.1.3, We place the
tag at a fixed distance in the far field of the antenna. Then, we get multiple values of
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Radiation pattern of the unmatched antenna

Azimuthal plane

0° 180°

270° 270°

Elevation plane

0° 180°

270° 270°
Azimuth Elevation Azimuth Elevation
Sim Sim
2.9 GHz 3.225 4.818 3.038 4.964 360.00 15.00
5.8 GHz 5.047 5.925 6.116 7.055 0.00 20.00

Figure 7.23: Measurements of the radiation pattern of the antennas in the azimuthal
and elevation planes. The fundamental antenna (2.9 GHz) is shown on the left while the
harmonic antenna (5.8 GHz) is on the right.

received power for different emitted power. Finally, using the equation, we obtain the tag
conversion efficiency.

Setup

The setup used for this measurement is shown in figure The cake antenna is placed
in an anechoic chamber with its main lobe directly facing the tag.

As we will see in the methodology, we also need to perform a calibration measurement.
For this, we simply remove the tag from the anechoic chamber.
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The signal is produced by a

Quiet zone

Tag

SG || SA

Figure 7.24: Setup for the measurement of the tag efficiency. The signal generator (SG) is
connected to the fundamental port and the signal analyzer to the harmonic port.

Methodology

To apply the procedure explained in section [1.1.3] We need to measure the received power
depending on the emitted power. To achieve this, we measure the power spectrum around
the expected harmonic frequency for multiple SG power values. The received power is
then deduced from the maximum of the power spectrum.

As we have seen that some of the received power is coming from the transmitter instead
of the tag. Therefore, we first perform a measurement without the tag at every transmitted
power value. Then we linearly subtract the resulting powers from the measurements.

Finally, we compensate for the losses of the long cables of the anechoic chamber using
their measured S-parameters. For the transmitted power, the cable loss is embedded
into the power setting of the signal generator. For the received power, the cable loss is
deembed from the SA measurement.

Once the emitted and received power are obtained, we apply equation [£.17 We obtain
the conversion loss for the given values of transmitted power. Finally, we apply equation
[4.23 on the emitted power to obtain the equivalent conversion loss for a fixed emitted
power of 27 dBm (Saturated power of the transmitter).

Results

The resulting tag conversion efficiency (tag CE, n(d)) is shown in figure|7.25, A smoothing
spline was found'] to extrapolate the measurement.

7.4.2 Operational range
To end this chapter, we obtain the distances for which the condition given in [£.20]is met.

Hysing the scipy python library
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Figure 7.25: Conversion efficiency of the tag depending on the distance between the tag
and the RADAR. A smoothing spline found using the generalized cross-validation (GCV)
criterion.

We consider a minimum SNR of -10 dB based on the values obtained in [4.1] A higher
value of SNR threshold was used to take into account performance degradation due
to additional non-idealities (e.g. phase noise). This value correspond to the minimum
SNR required at the end of the receiver such that the parameter estimation method is
operational.

However, in the link budget, the minimum SNR correspond to the SNR at the output
of the receiving antenna. Therefore, we must take into account the NF of the receiver.
The minimum SNR is then given by equation [7.3

SNRin,min = SNRout,min + NF (73)

The noise power at the receiving antenna can be obtained from the system bandwidth
and the antenna temperature. In this work, we will simply assume an antenna noise
temperature (T4) is equal to 290K and a system bandwidth of 200MHz. The minimum
received power is the following equation.

Pooise = KT4B = —121dBm (7.4)
:>PRX,min = Lhnoise T SNR'm,mm = —-131dBm + NF (75)

Finally, we can obtain the K factor (from equation [4.26)) by using the values in table
[7.26a] They correspond to the characteristics of the current prototype.

We can also estimate the improvement we can hope by improving the matching of
the antennas and by using a better receiver chain configuration. These changes translate

80



Symbol Value 175
PTX 27 [dBm] 130
Prise | -121 [dBm] £ —
SNRoutmin | -10 [dB] 5 — e
NF 7 [dB] <
G 6.12 [dBi] .
i 2.95 [GHz] .
dmax 8 [m] 4 6 8 10 12 14 16

distance [m]

(a) Table containing the values used
to compute the maximum opera-
tional range (dmaz)-

(b) Plot of the operational condition (see eq. [4.26) of
the RADAR.

Figure 7.26: Operational range results for the current prototype.

into a greater total gain (G) and a smaller receiver noise figure (NF). Note that the
conversion efficiency of the tag in function of distance is also impacted. Indeed, a higher
gain at the fundamental antenna results in a greater input power of the tag (Prx). As
the CE decrease with this power (decrease for a longer distance in figure , the results
obtained using the previously computed CE are conservative.

The new results are given in figure [7.27] We observe an increase of 1.45 m which
correspond to an improvement of 18% of the RADAR range. The maximum range is then
9.45 m.

— d

Symbol Value ” —
PTX 27 [dBm]
Prise | -121 [dBm] £
SN Routmin | -10 [dB] ;é
NF 2.78 [dB] °
G 12.25 [dBi]
fr 2.95 [GHZ] ,
dmax 946 [m] 4 6 8 10 12 14 16

distance [m]

(a) Table containing the values used
to compute the maximum opera-
tional range (dmaz)-

(b) Plot of the operational condition (see eq. |4.26]) of
the RADAR.

Figure 7.27: Expected operational range results for the improved prototype.

The obtained values are quite low as expected (due to harmonic conversion losses).
Nevertheless, it could be sufficient in our application if the hornet behavior is not modified
by the proximity of the UAV.

81



Chapter 8

Conclusion

In this work, we have designed a prototype of harmonic RADAR with a maximum range
of 8m.

We have first discussed the strength of this technology compared to other tracking
alternative. Then, we have selected a specific implementation by choosing the drone
position relative to the target. Next, we have developed the link budget and RADAR
equation to determine the design priorities in term of prototype characteristics. For the
RF circuit, we designed the transmitter for a high output power and the receiver for a
low noise figure. For the antenna, the sum of the two gains in dB was maximized while
the dimensions were kept small to reduce the manufacturing complexity.

Finally, we characterized the complete system and obtained its performances. We have
seen that its performances can be easily improved by improving the impedance matching
of the antenna or using a LNA with a higher gain.

The maximum range of the prototype is small (8m). Nevertheless, this short range
can still be sufficient to test different tracking concepts such as angle scanning with the
switched antenna array and true delay line. One could also try to track a tagged drone
in the vicinity of the RADAR to determine the needed resolution of the parameters
estimator.

However, for the real application, this range is certainly insufficient. We then need to
increase it. We have seen that we can lengthen the range by 20% only adding matching
filters for the antennas and changing the LNA. To further increase the range, we have
to act on the emitted power, antenna gains or improve the tag conversion efficiency as
all other quantities are fixed (path loss) or require high efforts to improve (receiver NF,
minimum SNR of the parameter estimator).
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Appendix A

Sweep of the large antenna
dimensions
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Appendix B

Technical drawing of the 2 version of
the cake antenna
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