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Abstract—Harmonic radar technology has been researched and
developed for studying the foraging behaviour of honey bees. This work
presents the development of a working prototype of a narrow-band
harmonic radar system, at 2.5/5GHz, using off-the-shelf components to
detect the presence of Indian honey bees. 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.

Index Terms—Harmonic radar, bee detection, harmonic tag

I. 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 [[1]. Honey bees are recognized worldwide as one of the
most important pollinating agents [2]]. 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 [3]. 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 among others. These questions can be
answered by tracking bees over their entire lifespan [4]. 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.

Many field studies have utilized the radio frequency identification
(RFID) technology to count the number of trips made by bees [S]—[9].
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, current RFID technology does not have the ability
to perform localization of bees since they have very small working
range of the order of a few millimeters. 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 carefully 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 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 [[10]. The radar consisted of a 9.4 GHz
transmit frequency and 18.8GHz receive frequency and 16 mm long
lightweight tag comprising of a dipole, a diode and an inductive loop
as detailed in [[10], [11]. The harmonic radar has been successfully
utilized in many field studies [4]], [12]-[16]]. 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, the dipole transponder is the most widely used
tag design for field studies.

Most of the field studies have been carried out to track the Apis
mellifera, a European honey bee species. We aim to study the foraging
behaviour of Indian honey bee, Apis dorsata dorsata. In this paper we
present a narrowband 2.5GHz/5GHz harmonic radar developed in our
institute premises for tracking the foraging behavior of Indian honey
bees. The choice of these frequencies is guided by the ubiquity of
hardware resources due to the popularity of these bands for WiFi and
other wireless communication applications. Our paper is organized
in the following manner. In the following section, we introduce the
principles of the harmonic radar. In Section[ll] we describe the
design and fabrication of our radar and in Section[[V] we present
the detection performance of our radar.

II. INTRODUCTION TO HARMONIC RADAR

Let PtfmU be the power transmitted by the narrowband transmitter of
a harmonic radar located at the origin with a directional antenna of
gain G (6, ¢) at frequency fo. The electromagnetic signal impinges
on a cooperative target that carries a harmonic tag. The simplest
configuration of a harmonic tag consists of an antenna (usually a
dipole) and a diode. The power density impinging upon a harmonic
tag placed at (R, 6, ¢) from the radar is given by
PGl (6, ¢)
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For Ao wavelength, the effective receive area Afgg of the tag is
Ao _ MG, 0,9) )
fo, = S @



Then the amount of power absorbed by the tag’s antenna, Ptf

given by
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A portion of the captured power passes through the non-linear diode

giving rise to a voltage, vgiode(t), at fo. The diode current, ig;ode,
according to the Schockley diode equation is

igiode (t) = Is(e™" 4ot — 1) “)

where [ is the reverse bias saturation current, o = #, q is the

electronic charge (1.6 X 10719C), n is the emission coefficient of the

diode, k is the Boltzmann constant and 7" 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 as shown in
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where d,, is the scaling factor corresponding to the n‘" harmonic
with units 7-i—. 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 fo
grto _ FPiag Gl (0,9) .
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The radar receiver is tuned to receive the higher order harmonic. The

received power at the radar is
)\2
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where G7{°(0, ¢) is the gain of the radar receiving antenna at n,fo.
Expanding the above equation we get the generalized form of the
non-linear radar range equation,
P = [(Plecl0.0))" Grlo0,0)] [Gileda(afs,)"]
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The first set of terms in (8] 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. Equation (8) reduces to the well known Frii’s radar range
equation when n = 1 corresponding to linear radars. )

Pl = [PLG10,0)G1(0,0)] [] [(473—2]%4} ©)
where 070 is the linear radar cross-section of the target that
indicates the amount of signal returned by the target to the radar.
Mathematically, oo is defined as
Pl
gfo”’

tx
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 hz;rmonic radar, the RCS o™f0 is given by
nJjo
IZ}”O — 4. G0 (0, 6)(Af2,)". (1)
Thus the harmonic radar ctrzoss—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 o™/ > of0. This usually
corresponds to situations where the target’s linear radar cross-section
is very low such as insects.

oo = 4x (10)
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III. DESIGN METHODOLOGY

Our design methodology was guided by the philosophy of using
cheap, off-the-shelf components and available laboratory resources.

(@) (b)

Fig. 1. (a) Monostatic configuration of harmonic radar with two-way path
loss. (b) Experimental setup for verification of one-way path loss from tag to
harmonic radar receiver.

Our harmonic radar, shown in Fig[l{a), is designed to operate at
2.5GHz transmitting frequency and SGHz receiving frequency.

A. Hardware description of the transmitter and receiver

Agilent N5181A MXG analog signal generator is used to generate
a continuous wave sinusoidal signal at 2.5GHz with a maximum
signal power of 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).

The signal from the low pass filter is radiated via a broadband
R&S HF907 double rigid wave guide horn antenna of 8.91dBi gain
at 2.5GHz. The signal from the tag is picked by the receiving horn
antenna. 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 filter is designed on a
Rogers RO4003C (relative permittivity = 3.38, thickness of dielectric
= 0.813mm, copper thickness = 35um) substrate. 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 SGHz. To measure the received signal, we used NI
USRP-2921, a software defined radio module, which is a tunable
half-duplex RF transceiver. 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 gain of the low noise
amplifier was set at 10dB. We implemented receiver configuration
with an intermediate frequency at 40KHz in order to mitigate the
effects of flicker noise in the circuitry. We selected a sampling
frequency of 100KHz to save the time-domain signal which is was
time averaged to achieve a noise floor of -108dBm. The USRP
streams baseband in-phase and quadrature signals to host computer
over a 1 Gigabit Ethernet.



B. Components of the Harmonic Tag

The harmonic tag consists of three components: a wire dipole
antenna, a diode and an inductive loop. The wire dipole antenna
acts as a half-wave dipole receiver at 2.5GHz and a full-wave dipole
transmitter at SGHz. The advantage of using this antenna design
is four-fold. Firstly, utilizing 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 legs and
wings. Thirdly, the dipole has an omnidirectional radiation pattern
which would 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 uninsulated copper wire of 0.5mm thickness.
The dipole antenna transfers the received signal at f, to the
diode attached to its feed point. The signal triggers the diode to
produce the diode current that contains the incident frequency (fo)
and the harmonics of the incident signal frequency 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.

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. A laboratory experiment was conducted to
check the performance of the tag for different inductance values.
Similar tags were fabricated for all four diodes mentioned above. The
experiment uses the one-way transmission set-up shown in FigEkb).
The power transmitted by the signal generator was varied and the
received power are presented in Fig[Ja)-(d) while Fig[le) shows
a set of tags fabricated for different loop dimensions. From the
experiment, the following observations are made: Figure 2a) 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. Figure |Zkb)
shows the performance of BAT15-03W diode. It performs well for
5.3nH loop. The performance deteriorates for other inductance values.
Figure fc) shows the performance of SMV1249-079LF diode. The
tag is not detectable at transmitted power levels up to 15 dBm
with or without the loop. Figure 2Jd) shows the performance of
HSMS-286K-BLKG diode. Though the tag performs well at high
power levels, the received power is very low when the transmitted
power level is below -10dBm. This is due to the low junction
capacitance associated with the varactor diode leading to significant
impedance mismatch. 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.

IV. EXPERIMENTAL RESULTS

In this section, we test the performance of the harmonic radar
system and tag that were developed. First, we determine the
maximum detectable range of a monostatic radar configuration using
the experimental set up shown in Fig.[T[a). The tag was mounted on a
stand that was moved away from the radar, along the radial direction
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Fig. 2. The received power versus the transmitted power for different
inductor-diode  combinations. The diodes are (a)SMS7630-079LF,
(b)BAT15-03W, (c)SMV1249-079LF and (d)HSMS-286K-BLKG

respectively. (e) Photograph of a set of fabricated harmonic tags for
SMS7630-079LF diode for different values of inductance of the loop. The
inductance values of the loop for each tag is mentioned on the bottom right
corner of each tag.

until the received signal was below the noise floor (at -106dBm) and
hence not detectable. The maximum detectable range was recorded
as 3.84m.

Since the two-way propagation path loss is high for monostatic
configuration 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 a bistatic configuration as shown
in FigEkb). The transmitter horn is placed at [2.9m, 1m, 1.1m] while
the receiver horn is placed at [1m, -0.8m, 1.1m]. For the study, we
selected a controlled space to monitor the activities of bees. We
chose to use a double bed folding mosquito net shown in Fig[3[a).
The net is cheap, introduces zero attenuation, easy to assemble and
disassemble and has the required dimensions for easy movement of
bees. 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 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. Ekb) shows the amount of power received.
The color of the dots indicate the range of the strength of the received
power (in dBm). The figure shows that the radar is able to detect the
target at most of the positions except for the corners.

A. Detection performance

Next, we evaluated the probability of detection and false alarm
for the system using Monte Carlo simulations. We modeled the
transmitted power Ptfz0 as 30 dBm for fo = 2.5GHz. 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 ( 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 Riz—tag is the
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Fig. 3. (a) Bistatic radar configuration to detect tag within region of
interest showing (i) dimensions of the region(net) (ii) marked positions for
measurements, (b) detected power in dBm.
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Fig. 4. (a) Histogram plot of the receiver power and noise level of the radar
system (b) Plot of probability of detection (Py) and probability of false alarm
(Pgq) as a function of threshold () varying from -110dBm to -105dBm
distance of the tag from the transmitter and Riqg—rq 1S the distance
of the tag from the receiver, then the received power at 2f; can
be calculated by suitable modification from monostatic to bistatic
configuration of the harmonic radar range equation presented earlier.
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. The value of dz (the harmonic second order
power coefficient) was taken to be 0.2 from simulation studies of
the chosen diode. Cable losses (L) of 3dB were measured. 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. fJa). The receiver noise characteristics were estimated from the
noise floor of the USRP at 5 GHz 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 (7). The probability of false alarm
(Pfq) 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
FigH]b). Based on the figure, the value of ~ is selected as -107.5dBm
to reduce the probability of false alarm to 0.3% while maximizing
probability of detection to 88.3%.

V. CONCLUSION

We demonstrated a working prototype of a narrowband harmonic
radar, developed using off-the-shelf components, that operates at
2.5GHz transmit and 5GHz receive frequency. The maximum
detectable range of the developed radar was 3.84 m for a monostatic
configuration. Empirical tests determined a probability of detection
of 88.3% and probability of false alarm of 0.3% for a signal threshold
of -107.5dBm under bistatic configuration.
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