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Abstract

Harmonic radar technology has been researched and developed for studying the foraging
behaviour of insects such as honey bees in order to study their decline in the ecosystem.
The traditional radar fails to detect the bees due to their very low radar cross-section
caused by their small sizes. The harmonic radar overcomes this limitation by tagging the
insects with a harmonic tag consisting of a dipole and a diode. The tag utilizes the non-
linearity property of the diode to convert the carrier frequency of the transmitted signal
received by the dipole to its harmonic components, which the dipole re-transmits to the
radar. The radar detects the tag on the bee from the second harmonic in the received
signal at the radar. This work presents the development of a working prototype of a first
generation harmonic radar system to detect the presence of the insect tag at 2.5/5GHz.
The thesis discusses the design methodology undertaken to build the radar using off-
the-shelf components available in the institute lab. Based on empirical tests on the tag,
we estimate the radar probability of detection and probability of false alarms as 88%
and 0.3% respectively. The maximum detectable range for a monostatic configuration
of the radar is 3.84 m.
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Chapter 1

Introduction

Insect pollinators play a vital role in the functioning of ecosystems. Their foraging
behaviour dictates the out-crossing and reproduction of plants by transfer of pollen
from male anther to female stigma of flowers [2]. Honey bees are recognized worldwide
as one of the most important pollinating agents [3]. Thus the foraging pattern of honey
bees is widely studied to understand their behaviour outside the hives which acts as a
link to their in-colony activities. Forager bees are divided into scout (less in number) and
reticent bees (larger in number). Outside the hives, scout bees are primarily involved
in identifying best food resources and transferring the information to reticent bees in
the colony. These identified resources are then visited by forager bees for nectar, water,
pollen or resin collection [4]. Figure shows a pictorial representation of forager bees
leaving their hives to visit different flower beds to collect food. It is of interest to
understand which resources are more preferred by a bee species over others, are they
visiting the flower beds of same plant species or visiting flower beds of multiple plant
species, how much time the bees spent on each flower bed, how far from the hive do
they forage, does their foraging behaviour change with experience, do they keep exploring
food resources over their lifetime or only in the initial days of their life amongst others.
These questions can be answered by tracking bees over their entire lifespan [5]. The
answers can help scientists understand the reason for the waning population of bees and
agriculturists to strategize plant cultivation. Thus developing technology to help assist

tracking the path of bees over their lifetime is crucial.
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FIGURE 1.1: Pictorial representation of honey bees leaving their hives to collect food

1.1 Literature Survey

One of the technologies deployed for tracking insects is Radio Frequency Identification
(RFID) technology. Many field studies have utilized the RFID technology to count the
number of trips made by bees [6HI0]. A passive RFID tag attached to the bee allows the
RFID readers installed at the entrance of the hive to detect the bee whenever it enters
or leaves the hive, allowing to keep count of the trips completed in a day. However,
having very small working range, current RFID technology does not have the ability to
perform localization of bees. Moreover, entrance and exit paths to the hives need to be

defined for the bees, disturbing the natural habitat of the species.

Traditional radar has failed to track bees due to the low radar cross-section of the insect
caused by its small size. As a result, the scattered signals from the radar are very weak
and well below the noise floors of most radar receivers. Also, high ground clutter mask
weak signals from targets. Harmonic radars are an alternative to the conventional radar
and are used to detect and track cooperative targets. Here, a radar transmits a signal
at a fundamental frequency. A passive harmonic tag is attached to a target insect,
where harmonics of the received radar signal are generated. The radar receiver is tuned
to receive one of the higher order harmonics, usually the second order harmonic. The
received signal strength is thus a function of the electrical characteristics of the tag rather
than the physical size of the insect. Hence, the tag can be designed so as to enable the
detection of the insect even in the presence of noise and clutter. To ensure monitoring

of bees over their lifetime, it is important to design a tag carefully so as to not cause
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any hindrance to its movements and day to day activities. The tag must not rely on
a perishable power source. The application of harmonic radar technology to track bees
was first proposed in [1]. The radar consisted of a 9.4 GHz transmit frequency and 18.8
GHz receive frequency and 16 mm long lightweight tag comprising of a dipole, a diode
and an inductive loop as detailed in [I, 11]. The harmonic radar has been successfully
utilized in many field studies [5], 12H16]. It was observed that the tag does not seem
to cause any abnormality in the foraging behaviour of the bee [17]. Many harmonic
tag designs operating at different operating frequencies have been proposed. The tag
designs explored different types of tag antennas including both wire and patch antennas
[18 19]. However, up to date the 16 mm dipole transponder is the most widely used
tag design for field studies. Most of the field studies conducted upto date are done to
track the Apis mellifera, a European honey bee species. We aim to study the foraging

behaviour of Indian honey bees.

The harmonic radar system does not require any installation at the beehive entrance.
This ensures that there is no interruption to the movement of bees in and out of the
hive. An important advantage of harmonic radar over RFID technology is that it can
provide co-ordinates for complete flight trajectories of bees over long ranges (hundreds
of meters). Moreover, the performance. of radars is not affected by weather or presence
of light unlike camera technology. However, a limitation of the harmonic radar is that
it can only track one target at a time [5]. Thus multiple forager bees cannot be tracked

simultaneously.

Based on the functionality and hardware complexity, the development of a harmonic
radar system is structured across three generations as depicted in Fig. The first
generation harmonic radar aims to achieve detection of the target with the harmonic
tag. The hardware configuration involves the use of a narrowband continuous wave
radar with a single transmitter and receiver channel. The radar transmits at a funda-
mental frequency while the receiver is tuned for the second order harmonic. The second
generation radar is envisaged as a broadband impulse radar that is modulated to the
fundamental carrier frequency. The use of a wide bandwidth enables the range or dis-
tance estimation of the target. In other words, the radar would perform one-dimensional
localization of the insect. The third generation radar would involve a broadband impulse
radar with a multi-element receiver antenna array and corresponding receiver channels

at the radar receiver. Through array processing, the direction-of-arrival of the insect
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Generation 1

Generation 2

Generation 3

Narrowband continuous
wave harmonic radar for
detection of  small
targets (honey bees).

Broadband impulse radar
for 1D localisation of
targets, i.e, to find the
range of the target from
radar.

Broadband impulse radar
for 2D localisation of
targets, i.e., to find the
range and direction of
arrival of the target from

radar.

FIGURE 1.2: The three generations of harmonic radar system

along the azimuth would be determined thus enabling two-dimensional localization along

both range and azimuth.

1.2 Thesis Objectives

The focus of my thesis is to develop the first generation harmonic radar for detecting

Indian honey bees. The objectives of this thesis can be summarized as follows:

e To develop a working prototype for the first generation narrowband harmonic radar
system using low cost off-the-shelf components available in the institute premises.
This includes the continuous wave radar transmitter, receiver hardware and the

design and development of the tag.

e To identify different radar configurations in terms of transmitter and receiver po-
sitions and evaluate the corresponding maximum detectable range of the radar

target.

e To determine the performance constraints of the developed radar system in terms

of probability of detection and probability of false alarms.

e To estimate the non-linearity coefficient of the tag and to test the tag for size and

weight constraints on the Indian honey bee, Apis Dorsata.
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1.3 Thesis Outline

This thesis is spread over five chapters. An overview of the upcoming chapters is briefed

below:

e Chapter 2: Introduction to Harmonic Radar
This chapter elaborates the principle of operation of a harmonic radar and draws
a comparison between the traditional linear radar and the harmonic radar. Also,
the non-linear radar range equation and non-linear radar cross section have been
derived in this chapter. Finally, a performance comparison between linear and

harmonic radar is drawn.

e Chapter 3: Design Methodology
This chapter discusses in detail the various components of the transmitter, receiver

and tag of the developed harmonic radar system.

e Chapter 4: Results
This chapter presents the performance results of the developed harmonic radar
system by finding the maximum detectable range, comparing mono-static and bi-
static radar configurations for best performance and estimating the probability of
detection and probability of false alarms of the developed system. The chapter
also discusses the experiments conducted to estimate the non-linearity coefficient
of the tag and test the tag for size and weight constraints on the Indian honey bee,

Apis Dorsata.

e Chapter 5: Conclusion
This chapter concludes the thesis by summarizing the outcomes of the thesis,

stating the current hardware limitations and discussing the possible future work.



Chapter 2

Introduction to Harmonic Radar

This chapter discusses in detail the working of a harmonic radar and how it differs from
the traditional radar. A narrowband radar system, illustrated in Fig. (a), comprises
of a transmitter that generates and radiates an electromagnetic signal s;(t) of carrier

frequency fy and strength a
s7(t) = ael? ot (2.1)

The strength of the scattered radar signal by a non-cooperative target at the radar
receiver is determined by target’s radar cross-section (RCS), o. The received signal at
the radar, sg(t) is given by

Vo 527 fo (t—28) (2.2)

sr(t) = e

where R is the distance between the radar and the target and c is the speed of light. All
the components of both the transmitter and receiver are tuned to the same fundamental

frequency.

The block diagram of a harmonic radar is shown in Fig. 2.1(b). At the transmitter, the
signal generator generates a continuous wave signal of carrier frequency fy. A low pass
filter is used to block any harmonics generated by the oscillator of the signal generator.
The filtered signal is radiated in space by the transmitting antenna. In the case of a
harmonic radar system, the target is a harmonic tag. The simplest configuration of a
harmonic tag consists of an antenna (usually a dipole) and a diode. The antenna of the

harmonic tag captures a portion of the signal transmitted by the radar giving rise to a
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' T: temperature
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FIGURE 2.1: Block diagram representation of (a) traditional linear radar and (b) har-
monic radar system

voltage, vgiode(t), across the tag’s diode
'Udiode(t) = VdiodeSin(27Tf0t) (23)

where Vyoqe is the amplitude of the signal. The diode current, i4;04¢, according to the

Schockley diode equation is
Z-diode(t) = Is(ecwdwde(t) - 1) (24)

where I is the reverse bias saturation current, a = =, ¢ is the electronic charge
(1.6 x 10719C), n is the ideality factor of the diode, k is the Boltzmann constant and T
is the absolute temperature ( 290K). Due to the non-linear nature of the current-voltage
relationship of a diode, harmonics of fy are generated and re-radiated by the antenna.
The radar receiver is tuned to receive the higher order harmonic - usually the second
order. A band pass filter is used in the receiver to pass 2fy while blocking fy that may
be generated from the low noise amplifier (LNA) or tag. The digitized second harmonic
signal from the ADC is then sent to the computer for further signal processing. The

higher order harmonic at the radar receiver therefore indicates the presence of the target.



Introduction to Harmonic Radar 8

2.1 Non-linear Radar Range Equation

The radar range equation establishes a mathematical relation between the range of the
radar and the characteristics of the transmitter, receiver, antennas, tag and environment
[20]. In this section, the generalized radar range equation for non-linear systems has been

derived [21].

Let PtJ;) be the power transmitted by a radar located at the origin with a directional
antenna of gain G{g (0, ¢) at frequency fy. The power density impinging upon a harmonic

tag placed at (R, 0, ¢) from the radar is given by

PlGl(0,9)

fo _
Stz = 47 R? (25)
For Ao wavelength, the effective receive area A{fl’g of the tag is
AiGlag (8. )
Afo = T07tagl D (2.6)
tag — 4 : .
Then the amount of power absorbed by the tag’s antenna, Ptj;og, is given by
Pfo o PtJ;)G{:g (97 ¢)A{aog 2.7
tag — 47TR2 . ( . )

A portion of the captured power passes through the non-linear diode where power har-

monics are generated given by
o [o.¢]
Pug=>_ Pilo =>"d,(PL)" (2.8)
n=1 n=1

where d,, is the scaling factor corresponding to the n” harmonic with units ﬁ The
power density reflected back to the radar at distance R by the tag at n!” harmonic is

proportional to the gain of the tag at n fy

Snf() — APtTCLLJ;OG?ang (0’ ¢) (2 9)
[ 41 R? '

The received power at the radar is

S

47n?

P = SEP G (6, 9) (2.10)
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where GI{° (0, ¢) is the gain of the radar receiving antenna at nfy. Expanding the above

equation we get the generalized form of the non-linear radar range equation,

P = [(Plrclo.0)) " 10,01 [Chlban 4l &

tag tag)n} |:n2(4ﬂ-)n+2R2n+2 ’ (2‘11)

The first set of terms in (2.11)) are related to the radar system parameters such as the
gain of the transmitting and receiving antennas and the transmitted power. The second
set of terms correspond to the tag parameters while the third set of terms correspond

to the free space loss.

2.2 Harmonic Radar Cross Section

Equation (2.11)) reduces to the well known Frii’s radar range equation when n = 1
corresponding to linear radars.

Pl = [Pcbo.00650.0)] [o°] [ 50] 212

where o0 is the linear radar cross-section of the target that indicates the amount of

signal returned by the target to the radar. Mathematically, o0 is defined as [20]

Pl

fo _
0/% =A4m ,
Sty

(2.13)

and is a function of the shape, material, physical area and aspect angle of the target
and polarization and frequency of the transmitted signal. In the case of the harmonic
radar, the RCS o™/ is given by

P;gfo

fo T
tx

_ dnano (0, qS)(AfO

nfo —
o =4m tag tag

)" (2.14)
Thus the harmonic radar cross-section is a function of the electrical properties of the tag
such as the gain of the antenna and the non-linearity inherent in the diode. Therefore
the harmonic radar is usually used only in situations where ¢"/© > /0. This usually
corresponds to situations where the target’s linear radar cross-section is very low such

as insects.
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2.3 Performance comparison between linear radar and har-

monic radar

The radar range equations in (2.11f) and (2.12)) reveal a number of key differences between
the two types of radars:

1. For the same P/

phe G the higher order n results in increase in the received power

txo

for the harmonic radar.
2. However, for the same R, there is significantly greater free space loss in the system.

3. The strength of the non-linearity coefficients usually reduce with increase in n (i.e.

d1>d2>d3>"')

4. In the linear radar, both the transmitting and receiving antennas must operate at

fo, while for the harmonic radar, the receiving antenna must operate at n f.
5. In order for the tag to have high radar cross-section, it must have good gain at

both fy and n fy.

Based on the above considerations, we have explored the design of a second order har-

monic radar with a dipole antenna in the tag.



Chapter 3

Design Methodology

This chapter discusses the design of the harmonic tag and the narrowband harmonic
radar system consisting of the transmitter and receiver. We were guided by the philos-
ophy of using cheap, off-the-shelf components and available laboratory resources. Our
harmonic radar is designed to operate at 2.5GHz transmitting frequency and 5GHz
receiving frequency. The choice of these frequencies is guided by the availability of
hardware resources due to the popularity of these bands for WiFi and other wireless
communication applications. In the following sections, we will describe the transmitter,

receiver and the tag in greater detail.

3.1 Hardware description of the transmitter

Agilent N5181A MXG analog signal generator is used as the transmitter to generate
a continuous wave sinusoidal signal at 2.5GHz. The signal generator can operate in
the frequency range of 100kHz-3GHz and the maximum signal power supported by the
device is 30dBm. The harmonic radar detection performance is susceptible to clutter
from harmonics generated by the transmitting oscillator at high power. Therefore, we
pass the generated signal through a customized microstrip low pass filter with a cut-off
frequency at 3GHz. We implemented the filter on an FR4 substrate (relative permittivity
= 4.7, thickness of dielectric = 1.5mm, copper thickness = 35um) [22]. We simulated
the filter design in Advance Design System (ADS) software and fabricated it inside IIIT
Delhi. The simulated and measured filter performances are shown in Fig. [3.1f(a). We

11
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FIcURE 3.1: (a)Plot of the simulated and measured S1; and Ss; parameters of the

microstrip low pass filter with 3-dB cut-off of the fabricated filter at 3.085GHz high-

lighted by solid black lines. (b) Photograph of the microstrip low pass filter printed on
FRA4 board

observe the 3-dB cutoff frequency of the fabricated filter at 3.085GHz. The reflection
scattering parameter, Si1, and the insertion scattering parameter, So1, at 2.5GHz are
-10.01dB and -1.74dB respectively. Figure (b) shows the photograph of the fabricated

low pass filter.

The signal from the low pass filter is radiated via the transmitting antenna. The selection
of the radar antennas was guided by empirical tests. The three antennas that were
compared are a broadband R&S HF907 double rigid wave guide horn antenna of 8.91dBi
gain at 2.5GHz, the Ettus VERT2450 dipole of 2dBi gain at 2.5GHz and a custom
designed uniform linear array of 16 patch antenna elements shown in Fig[3.3] The
elements of the array are fed by a corporate feeding network referenced from [23]. The
patch array antenna, operational at 2.5 GHz, was fabricated on a FR4 substrate sheet
(relative permittivity = 4.7, thickness of dielectric = 1.5mm, copper thickness = 35um).
Simulations in CST Studio Suite software showed a peak gain of 11.6dBi at 2.5GHz as
seen in the three-dimensional far-field directivity plot in Fig.|3.2|(a). The simulated and
measured S1; parameter is shown in Fig. M(b) The photograph of the three antennas
is shown in Fig. 3.3
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FIGURE 3.2: (a) Three-dimensional far-field directivity plot of the fabricated patch
antenna and (b) Plot of simulated and measured s1; parameter
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FIGURE 3.3: Photograph of (a) R&S HF907 Double rigid waveguide horn antenna (b)
Ettus VERT2450 dipole antenna (c) Fabricated patch array antenna

3.2 Hardware description of the receiver

The signal from the tag is picked by the receiving antenna tuned to 5GHz. The possible
choices for the receiver antenna are the horn (gain of 10.02dBi at 5GHz) and dipole
antennas (gain of 2dBi at 5GHz) similar to those used in the transmitter. Before the
received signal is further processed, it is imperative for the receiver to reject signals at
2.5GHz since they may give rise to higher order harmonics at the later amplification
stages in the receiver chain. The two main sources of the fundamental frequency at the
receiver are: (1) the direct signal from the transmitter (2) the reflected signal from the
tag at the fundamental frequency. To overcome this issue, we use a custom designed
microstrip coupled line band pass filter to block the fundamental frequency signals from

entering the receiver chain while allowing second harmonic signal to pass through. The
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FIGURE 3.4: (a)Plot of the simulated and measured S1; and Ss; parameters of the

microstrip band pass filter. The lower 3-dB cut-off of the fabricated filter is at 4.96GHz

and upper 3-dB cutoff is at 5.71GHz highlighted by solid black lines. (b) Photograph
of the microstrip band pass filter printed on Rogers R0O4003C board

filter is designed on a Rogers RO4003C (relative permittivity = 3.38, thickness of dielec-
tric = 0.813mm, copper thickness = 35um) substrate [24]. The band filter is simulated
in ADS software and fabricated in IIIT Delhi. Figure[3.4(a) shows the simulated as well
as measured S11 and Sy, parameters of the band pass filter. The measured lower cut-off
frequency is 4.96GHz and the higher cut-off frequency is 5.71GHz. The measured Sq;
and S9; parameters at 5GHz are -12.32dB and -6.63dB respectively. The photograph of
the fabricated band pass filter is shown in Fig. [3.4|b).

The filters were enclosed in an aluminum box to shield them from radio frequency
interference and for making the design sturdy to handle the pressure from the RF cables
and connectors. Please note that the band pass filter introduces a loss of -6.63dB. Hence,
the use of the filter trades off between suppression of the fundamental frequency and the

signal attenuation at 5GHz.

To measure the received signal, two receiver set-ups were experimented. In the initial
set-up, the Agilent N900OOA CXA signal analyser was used to perform analog to digital
conversion and to display the signal in frequency domain. The noise floor of the signal
analyser was -70dBm which is very high causing poor signal to noise ratio. A reduction
in the noise floor is possible by lowering the resolution bandwidth and pre-amplifier gain.
However, this results in very long data acquisition times which are not suitable for real

time detection and tracking of targets. The size and weight of the device also posed
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a limitation in terms of portability. Next, we considered the NI USRP-2921 Software
Defined Radio module which is a tunable RF transceiver. The module comprises of an
RF switch to transition between the transmitter and receiver chains. It streams baseband
I and Q signals to host computer over a 1 Gigabit Ethernet. It is a half-duplex device.
Hence it cannot be used for simultaneous transmission and reception. You also can use
the USRP2921 for the following communications applications: implementing FM radio,
direction finding, GPS simulation, development of passive radar, record and playback of
RF signals amongst others. The device can receive signals in either the frequency range
of 2.4-2.5GHz or 4.9-5.9GHz. Therefore, the receiver can be configured as a traditional
radar or as a harmonic radar and their performances can be compared. The USRP offers
considerable flexibility in the receiver parameters. The gain of the low noise amplifier
was set at 10dB. We implemented receiver configuration with an intermediate frequency
at 40 KHz in order to mitigate the effects of flicker noise in the circuitry. We selected
a sampling frequency of 100KHz to save a time-domain signal of 10us duration. The
received signal was time averaged to achieve a noise floor of -108 dBm. Due to the
advantages of the USRP over the signal analyzer in terms of the noise performance,
portability and speed of data acquisition, the USRP became the natural choice for the
harmonic radar receiver. The USRP was connected via ethernet to the computer where

the data were further processed.

3.3 Components of the Harmonic Tag

The harmonic tag consists of three components: a wire dipole antenna, a diode and an

inductive loop.

The first component of the tag is the the wire dipole antenna that acts as a half-
wave dipole at 2.5GHz and a full-wave dipole at 5GHz. The half-wave dipole at 2.5GHz
receives the signal transmitted from the radar and the full-wave dipole at 5GHz transmits
the second harmonic generated by the diode back to the radar. The advantage of using
this antenna design is four-fold. Firstly, utilising the same antenna for transmission and
reception saves up on the the size of the tag. Secondly, the vertically standing structure
of a wire dipole is advantageous for small insect targets as it can be mounted on a
very small area on the insect body causing minimal interference with the insects legs

and wings. Thirdly, the dipole has an omni-directional radiation pattern which would
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enable the detection of the insect along different orientations. Lastly, the dipole has a
fat doughnut shaped directivity pattern making it less susceptible to large fluctuations
in performance with small antenna tilts. The fabricated dipole is 60mm in length. The

wire used is an un-insulated copper wire of 0.5mm thickness.

The dipole antenna transfers the received signal at fy to the diode attached to its
feed point. The signal triggers the diode to produce the diode current that contains the
incident frequency (fy) and the harmonics of the incident signal frequency (2 fo,3 f0,4fo--.)
because of its non-linear property. We considered four off-the-shelf diodes for our design
- SMS7630-079LF, BAT15-03W, HSMS-286K-BLKG and SMV1249-079LF. All these
four diodes are rated to work at the desired radar frequencies. The first three are
Schottky diodes while the last one is a junction tuning varactor diode. We performed an
experiment to test the frequency conversion operation of the four diodes. The laboratory
set up is shown in Fig. In our experiment, we fabricated four tags, each with a half-
wave dipole and a diode connected at its feed point. The feed point is connected to
an SMA connector through which the tag is connected directly to a signal generator
that transmits 2.5GHz continuous wave signal. The tag performs frequency conversion
of the input signal and radiates the generated harmonics. A VERT2450 dipole receiver
antenna is spaced 3m apart from the tag and the received signal is measured with the
USRP. The receiver is first tuned to receive at 2.5GHz, and then at 5GHz. For each
case, the transmitted power is varied and the received power is noted. The results of
the experiment are shown in Fig.[3.6] The results show that the that the power received
at 2.5GHz for all the diodes is almost comparable. However the following observations
are made for received power at 5GHz: As the transmitted power increases, the reverse
voltage in the diode increases. Hence we see improved performance at higher power
levels. The received power is below the noise floor (-108dBm) for transmit power as
high as -5dBm for all diodes. All three Schottky diodes outperform the varactor diode
with HSMS-286K-BLKG performing the best. The superior performance of Schottky
diodes is attributed to its low junction capacitance and low barrier that enables the
diode to work at very low voltage levels as well. Moreover, the low cost, light-weight
and miniature size of these diodes makes them ideal for insect tagging applications.
A varactor diode has variable junction capacitance that decreases as reverse voltage
increases. Thus, the low performance of varactor diode at low power levels is due to

high junction capacitance.
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FIGURE 3.5: Experimental setup for one-way transmission with tag connected at trans-
mitter end

== SMS7630-079LF 2.5GHz
=—4— SMS7630-079LF,5GHz
== BAT15-03W,2.5GHz
=—4—BAT15-03W,5GHz
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FIGURE 3.6: Plot of laboratory experiment to study the performance of diodes

SMS7630-079LF, BAT15-03W, SMV1249-079LF and HSMS-286K-BLKG. The received

power is plotted against the power transmitted from the signal generator (in dBm) at
2.5GHz and 5GHz.

In order to improve the efficiency of the tag, we incorporate an inductive loop across the
diode. The inductive loop performs two major functions: (1) The loop acts as a direct
current path allowing the flow of accumulated electrostatic charges thereby enabling the
diode to operate in the zero-bias mode [19], (2) the loop helps in impedance matching
the dipole with the diode to improve the efficiency of the overall tag performance. To
understand how the loop helps in impedance matching, let us consider the Thevenin

equivalent circuit of the tag at fundamental frequency fy as shown in Fig.|3.7(a). In the
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FIGURE 3.7: Circuit diagram representation of the harmonic tag at (a) 2.5 GHz (b) 5
GHz

circuit, Zo(fo) = Ra(fo) + jXa(fo) is the antenna impedance, C; is the diode junction

capacitance which is in parallel with the variable effective resistance of the diode Ryjode-

The look-in impedance of the circuit is Zjookin(fo) = Rivokin(f0) + 7 Xiookin(fo)- At fo,
for maximum power transfer, Rjookin = Rdiode a0d Xjookin = 0 must hold true. For a half
wave dipole, R, = 732 and X, = 0 due to resonance. However, Rg;.qe attains very high
values even for very low excitation levels. At second harmonic frequency, 2fy, the diode
is modeled as a current source in parallel with the junction capacitance C;. The Norton
equivalent circuit at frequency 2 fj is shown in Fig.|[3.7(b). The look-in admittance of the
circuit is represented by Yiokin(2f0) = Giookin(2f0) + JBiookin(2f0). Now the optimum
performance of the tag and maximum power transfer can only be realized if impedance
matching happens at both fo and 2fy. At fo, Ragiode # Ro. For maximum power transfer
at 2fo, Go = Glookin and B, = — Bjyorin must hold true. For a full wave dipole at 2fj,
Gy ~ 0 due to anti-resonance. Instead of choosing X value to be anti-resonant at fo,
we choose it to be anti-resonant at 2fy, thereby making Bjoorin = 0 and Giookin = O.
This will ensure maximum power transfer at 2fy. Since, this will make loop inductive

at fo, we design the dipole a little shorter than half-wavelength to make it capacitive at

Jo.

A laboratory experiment was conducted to check the performance of the tag for different
inductance values. Figure (e) shows a set of tags fabricated for different loop dimen-
sions. Similar tags were fabricated for all four diodes mentioned above. The experiment
uses the one-way transmission set-up shown in Fig. [3.5l The power transmitted by the

signal generator was varied and the received power are presented in Fig.|3.8(a)-(d).
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F1cURE 3.8: Plot of laboratory study of the performance of the tag by varying the

value of inductance of the loop. The received power is plotted against the transmitted

power from signal generator (in dBm) for diode (a) SMS7630-079LF, (b) BAT15-03W,

(¢) SMV1249-079LF and (d) HSMS-286K-BLKG respectively. (e) Photograph of a set

of fabricated harmonic tags for SMS7630-079LEF diode for different values of inductance

of the loop. The inductance values of the loop for each tag is mentioned on the bottom
left corner of each tag.

From the experiment, the following observations are made:

e Figure[3.8|(a) shows the performance of SMS7630-079LF diode. It is seen that the

tags with 5.3nH and 7nH loops have comparable performance. Increasing the loop

inductance degrades the performance of the tag.

e Figure (b) shows the performance of BAT15-03W diode. It performs well for

5.3nH loop. The performance deteriorates for other inductance values.

e Figure [3.8(c) shows the performance of SMV1249-079LF diode. The tag is not

detectable at transmitted power levels upto 15dBm with or without the loop.
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FIGURE 3.9: (a) Schematic diagram of harmonic tag (b) photograph of fabricated
harmonic tags. The top row tags are fabricated with SMS7630-079LF diode and bottom
row tags utilize BAT15-03W diode.

Figure [3.8(d) shows the performance of HSMS-286K-BLKG diode. Though the
tag performs well at high power levels, that received power is very low when the

transmitted power level is below -10dBm.

Based on the above experiments, we shortlisted the SMS7630-079LF and BAT15-03W
diodes and inductive loop of 5.3nH for fabrication of tag for further experiments. The
schematic diagram of the complete tag is shown in Fig. [3.9(a) and Fig. [3.9(b) shows the

picture of the fabricated tags.
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Results

In this section, we test the performance of the harmonic radar system and tag that were

developed. We perform five experiments.

4.1

The first experiment is to estimate the non-linearity coefficient of the tag.
The second experiment is to determine the maximum detectable range of the tag.

The third experiment is to compare monostatic and bistatic radar configurations

in the laboratory set-up.

The fourth experiment is to estimate the radar’s probability of detection and false

alarm as a function of the system’s signal to noise ratio.

The fifth experiment is to test the developed tag for size and weight constraints

on the Indian honey bee, Apis Dorsata.

Estimation of non-linearity coefficient of harmonic tag

Figure shows the experimental set-up used to find the non-linearity coefficient (ds)

of the harmonic tag. The tag is directly connected to the signal generator at the trans-

mitting end. At the receiver, the VERT2450 dipole antenna is connected to the USRP.

The distance between transmitter and receiver is 3m. The signal generator transmits a

2.5 GHz sinusoidal signal of 30 dBm power and the USRP is configured in the manner

21
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discussed in Section[3.2] For this set-up, the power received at 5GHz was -28dBm. Using
Pt];? and PTQJO we find ds = 0.2 from

2 2
o BPLPGGH "
re 4(47R)? '
where PJ% = P/°. The values of G310 = 3.6 dBi and G14° = 2dBi were found from CST

simulation of the dipole.

4.2 Estimation of maximum detectable range

The experimental set-up employed to find the maximum detectable range of the radar
is shown in Fig. [£.1] In the set-up, we deploy a monostatic radar configuration, i.e., the
transmitter and receiver are collocated. The transmitting chain comprises of the the
signal generator, the low-pass filter and the horn antenna. At the receiver, the dipole
antenna is connected to the USRP which is connected to the computer, via ethernet,
where the amplitude of received power at 5GHz is displayed. The transmitter was
configured to transmit 20dBm power and the USRP configuration for the experiment
was kept the same as mentioned in Section [3.2] The tag was mounted on a stand that
was moved away from the radar, along the radial direction, at intervals of 0.6m, until

the received signal was below the noise floor (at -108dBm) and hence not detectable.

Signal generator & Low pass filter

FIGURE 4.1: Experimental set-up for finding maximum detectable range of the radar
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TABLE 4.1: The received power (in dBm) for different distances (in m) of the tag from

the radar
Distance of tag from radar (m) | Received power (dBm)

0.6 -59

1.2 -79

1.8 -89

24 -97

3 -103

3.6 -105
3.84 -106

4.2 Below noise floor

Table shows the received power from the tag for different distances of the tag from

the radar. The maximum detectable range was recorded as 3.84m.

4.3 Comparison of monostatic and bistatic radar configu-

rations

Since the path loss for two-way propagation is found to be high for monostatic config-
uration resulting in low coverage area for detection of targets, we conducted a study
to check whether there is an improvement in the performance by implementing bistatic

configuration.

For the study, we selected a controlled space that could eventually be used for laboratory
experiments to monitor the activities of bees. We chose to use a double bed folding
mosquito net shown in Fig. (a). The net is cheap, transparent, easy to assemble and

disassemble and has the required dimensions for easy movement of bees.

We conducted five experiments to determine the radar configuration for obtaining the
best coverage of the tag inside the net. The set up for the bistatic configuration with horn
antennas at transmitter and receiver is shown in Fig. For all the experiments, the
transmitter comprised of the signal generator, low pass filter and transmitting antenna

while the receiver comprised of the receiving antenna, USRP and computer.

In our experiments, we tested different types of radar antennas and antenna placement
options. We considered the the horn, vertical dipole and the custom patch array for the
transmitting antenna. The horn and vertical dipole were considered as possible choices

for receiving antenna. We consider monostatic configuration where the transmitter and
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FIGURE 4.2: (a) Photograph of the mosquito net with dimensions (b) Top view of the
net marked with contour lines depicting height of the points

H

[ B
A “
L .. Horn antenna

Low pass filter

Signal generator

FIGURE 4.3: Experimental set-up for bistatic configuration with horn antenna as trans-
mitting as well as receiving antenna
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receiver are collocated as well as the bistatic configuration where the transmitter and
receiver are separated. Figure [£.2(a) shows the origin [0,0,0] with respect to the net.
The type and placement of transmitter and receiver antenna for each experiment is as

follows:

e Experiment 1: The transmitter antenna is horn and receiving antenna is a vertical

dipole placed at [2m, Om, 1.1m] and [0.4m, 2m, 1.1m]| respectively.

e Experiment 2: The transmitter and receiving antennas are vertical dipoles and

placed at [2m, Om, 1.1m] and [0.4m, 2m, 1.1m]| respectively.

e Experiment 3: The transmitter antenna is the custom patch array while the re-
ceiving antenna is the vertical dipole. They are placed at the same positions as

the previous cases.

e Experiment 4: The transmitter horn is placed at [2.9m, 1m, 1.1m] while the re-

ceiver horn is placed at [1m, -0.8m, 1.1m].

e Experiment 5: Both the transmitter and receiving antennas are vertical dipoles
and collocated at [lm, 0.7m, 1.1m|. The transmitting antenna is mounted above

the receiving antenna.

We measured the received power at the radar by placing the tag at 29 points at different
positions and heights within the net. The recorded results are presented visually on the
top view of the net. The dimensions of the net shown in Fig. [.2|a) are matched to the
placement of points in the top view of the net depicted in Fig. [4.2{b). The solid lines of
varying thicknesses in the figure depict contour lines at different heights. For example,
the outermost contour depicts a height of h1=0.2m. Fig. (a)—(e) shows the amount of
power received for experiments 1-4 respectively and Fig. shows the received power
for experiment 5. The color of the dots indicate the range of the strength of the received

power (in dBm).

From the results it is observed that the bistatic radar configuration with horn antenna as
transmitter as well as receiver gives maximum coverage of detection of tag (corresponding
to Fig. d)) This is because the horn antennas are characterized by the highest gains

among the three antennas. Also, in a bistatic configuration, the strong direct coupling
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FIGURE 4.4: Plot of strength of power received with (a) horn as transmitter and

dipole as receiver, (b) dipole as transmitter and dipole as receiver, (c¢) patch array

as transmitter and dipole as receiver (d) horn as transmitter and horn as receiver for
bi-static set-up
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FIGURE 4.5: Plot of strength of power received with dipole as transmitter and dipole
as receiver for mono-static set-up with the radar placed inside the net
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FIGURE 4.6: (a) Top view of the net showing position and height of the 5 points

considered for the experiment to find the effect of tilt on the performance of the tag

(b) Pictorial representation of the angles at which the measurements are taken (c)

Photograph of the tag mounted on the stand with angle markings (d) Received power

intensity plot with horn antenna at transmitter and receiver when tag is rotated at

different angles at height=0.5m at 5 different locations (P1,P10,P12,P14 and P16) as
indicated in (a)

between the transmitter and receiver is reduced. In the configuration, the entire radar

system is placed outside the net.

A tilt in the tag can result in polarization mismatch loss. So, we next performed an
experiment to estimate the effect of polarization mismatch loss on the detection per-
formance of the radar. For this experiment, we used the bistatic configuration used in
experiment 4. The experimental set-up is shown in Fig. The tag was mounted on
the stand at a height of 0.5m. The result was recorded by placing the tag at 5 different
positions as shown in Fig. 4.6(a). At each position, we considered 9 different tilts 22.5°
apart that are pictorially represented as shown in Fig. (b) Figure [4.6|c) shows the
photograph of tag mounted on the stand with tilt markings for the experiment. The
results of the experiment are presented in Fig. [4.6(d). The color of the lines represent
the strength of received power. The result shows that the tag is detectable up to 45°

tilt from the vertical (-3dB polarization mismatch loss) in most cases.

4.4 Detection performance

Next, we evaluated the probability of detection and false alarm for the system using
Monte Carlo simulations. We modeled the transmitted power Pt];‘) as 30dBm for fy =
2.5GH z. We modeled the position coordinates of the tag as a random three dimensional

vector that could lie anywhere within a cuboid of dimensions comparable to the net (
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2m x 2m x 1.4m) with uniform probability. The transmitting and receiving antenna

were modeled at positions [2.9 x 1m x 1.1m] and [1m x —0.8m x 1.1m]. If Riy_s1a4 is the

distance of the tag from the transmitter and Ryqg—, is the distance of the tag from the

receiver, then the received power at 2fy can be calculated from a modified monostatic

harmonic radar range equation, presented in (2.11]), as:

A5

4R§m—>tagR%ag—>rmL

(4.2)

P2 = [(PQGZ@ (6 00)) G200 @)] Gida(AR,)?] [ e

Gains of the transmitting and receiving antenna were chosen to correspond to those
of the HF907 horn antenna at fy and 2fy. Note that the gains of the the radar and
the tag antennas vary with the azimuth and elevation aspect of the tag with respect
to the radar. The non-linear radar cross section was modelled as a random variable
with a Gaussian distribution (N(0,2.46)) to incorporate the variations due to the tilt
of the tag. From Section the value of ds was taken to be 0.2. Cable losses (L) of 3
dB was considered. Once the received power was simulated, we added white Gaussian
noise of N(0,0.0914). The histogram of the received signal and noise was simulated in
MATLAB for 12412 Monte Carlo trials and presented in Fig. 4.7[(a). The receiver noise
characteristics were estimated from the noise floor of the USRP at 5GHz by running
the receiver hardware without switching on the transmitter. The noise histogram is also
plotted in the figure. The probability of detection (Py) is given by the area under the
histogram of the received signal and noise power above a pre-defined threshold (). The
probability of false alarm (Py,) is the area under the histogram of the noise power above
the same threshold. The Py, and Py are plotted as a function of v in Fig. 4.7(b). Based
on the figure, the value of « is selected as -107.5dBm to reduce the probability of false

alarm to 0.29% while maximizing probability of detection to 88.25%.

4.5 Tagging the bee

An experiment was conducted to tag a wild species of bee found in India, the Apis
Dorsata [25]. It is the largest Indian honey bee, 17-20mm in length and weighs 159.9 4+
15.5mg. We studied methods to mount the tag on the thorax of bee in a vertically
upright position. The location and orientation was chosen strategically to cause no

hindrance to the flight of the bee [11].
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FIGURE 4.7: (a) Histogram plot of the receiver power and noise level of the radar
system (b) Plot of probability of detection (P;) and probability of false alarm (Py,) as
a function of threshold () varying from -110dBm to -105dBm

FIGURE 4.8: (a) Photograph of the disc and the tube that is used to create support
for mounting the tag on the bee, (b) disc attached to the bee, (¢) close up of the bee
with the fitted tag, (d) photograph of the bee with the tag
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The tag could not be directly attached on to the bee because of the small cross-sectional
area of the wire dipole. Also, there is a possibility that the radiation from the bees body
will affect the performance of the tag. Opalith discs are miniature round discs widely
used by beekeepers to mark bees for studies by gluing it to the thorax [26]. These discs
provide a good base to attach the tag. Due to unavailability of Opalith discs in Indian
market, small craft rhinestone gems (shown in Figure [4.8(a)) that are readily available
in craft shops were used as an alternative. Figure (b) shows the picture of a bee
with the disc attached to its thorax. The tag (with dipole wire thickness of 0.5mm)
was fixed to the disc. The disc was then glued to the bee. The bee was immobilized
by refrigeration method discussed in [26]. It was observed that the bee was not able to
maintain its balance and stand straight. Thus it was confirmed that the tag was too
heavy for the bee. So another tag with 0.lmm uninsulated copper wire was fabricated.
The tag was too thin to be directly attached to the disc. To support the tag, a flexible
plastic tube (shown in Figure a)) was attached to the disc. The tag was fixated in
the tube using glue. This tag was then attached to the bee. With this tag on, it was
observed that the bee was able to maintain its balance while walking. Figure (c) and
(d) show the bee with the complete tag.
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Conclusion

In this thesis, a working prototype of the first generation narrowband harmonic radar,
comprising of a transmitter, receiver and harmonic tag, have been successfully developed
using off-the-shelf components available in the institute premises. The system operates
at 2.5GHz transmit and 5GHz receive frequency. The maximum detectable range of the
developed radar was 3.84m for a monostatic configuration. The bistatic radar configu-
ration using broadband high gain horn antennas was identified for superior performance
in detection of the tag over an area-under-test (the mosquito net) for laboratory experi-
ments. Empirical tests determined a probability of detection of 88.25% and probability
of false alarm of 0.29% for a signal threshold of -107.5dBm.

5.1 Current hardware limitations

The range of operation of the first generation harmonic radar can be improved by trans-
mitting higher power and deploying higher gain transmitting and receiving antennas.
Table compares the radar parameters (transmitted power, transmitting and receiv-
ing antenna gain, detectable range) of the harmonic radar system deployed for field
study in [I] and the system developed in this thesis. Also, to transmit high power (in

kW range), licence clearance would be required.
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TaABLE 5.1: Comparison of radar parameters of system deployed for field study in [I]
and the radar developed in this thesis

Radar parameters Radar deployed in [1] | Radar developed in thesis
Transmitted power 25 kW 1W
Transmitter antenna gain 30 dB 8.91 dBi
Receiver antenna gain 30 dB 10.02 dBi
Maximum detectable range 700 m 3.84 m

5.2 Future Work

The future work involves upgrading the system from narrowband to broadband in order
to support range estimation of the insect target. Further, the single channel receiver
system can be upgraded to a multiple channel system with a receiver antenna array
to support direction-of-arrival estimation of the target. Naturally, the improved radar

functionalities will trade off with increased hardware cost and complexity.
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