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ABSTRACT

In this paper, we describe the implementation of an RFID-
based location sensing system which is intended for moni-
toring the movement and activity of butterflies for biological
research purposes. We present the design and characteristics
of the developed RFID tags, the antenna and system configu-
ration, as well as the non-linear Kalman filtering and smooth-
ing based tracking algorithm. We also present experimental
results obtained in an anechoic chamber as well as in field test
environment.

Index Terms— RFID, UHF, location sensing, extended
Kalman filter, RTS smoother, butterfly

1. INTRODUCTION

A great variety of telemetric and remote sensing methods for
sensing movements and location of insects are developed for
the demands of biological and agricultural studies. A survey
of the methods can be found in [1].

Remote sensing methods do not require a physical inter-
action to the target, and examples of remote sensing methods
include radar (typically used to track insect swarms), machine
vision, optical interferometers, X-ray imaging, infrared (IR)-
imaging, and passive and active (SONAR) acoustic methods.
The advantage of remote sensing methods is that they do not
need to affect the insect behavior. However, they typically
provide unreliable target identification, if any, and require cer-
tain operation conditions. For example, passive machine vi-
sion requires certain lighting conditions and a line-of-sight to
the target.

In telemetric techniques, the target is equipped with a
transponder. Telemetric techniques include the harmonic
radar, active and passive radio frequency identification (RFID),
and radio beacons. Active RFID and radio beacons require
a battery whose mass (∼0.1 g) limits them only for large
pedestrian insects.

In the harmonic radar concept, the target is equipped with
a transponder containing a passive mixer connected to an an-
tenna. When the transponder is actuated at one frequency, it
radiates harmonic frequencies that are detected by the radar.
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Harmonic radar and tags were first proposed for traffic appli-
cations. The concept was later generalized for all harmonic
tones [2] and it is successfully used to track insects [3–5].
Harmonic radar concept is also used for locating avalanche
victims [6] and wireless read-out of passive sensors [7–10].
However, the harmonic radar may be an expensive solution
for insect tracking as such radars are not commercially avail-
able and it does not necessarily comply with the frequency
regulations due to potentially large frequency offset required.
In addition, different targets cannot be identified in a straight-
forward way.

Passive UHF RFID is used for example to follow the ac-
tivity and movements of a butterfly called Granville Fritillary
(Melitaea cinxia) in an indoor cage [11]. RFID has several
advantages as compared to other telemetric techniques. In-
expensive UHF RFID readers are commercially available and
they provide object identification. In addition, the RFID com-
plies with the frequency regulations and operates reliable also
in dark, in a presence of vegetation, in loud noise etc. opposite
to several other methods. Most importantly, RFID provides a
possibility to simultaneously track and identify virtually any
number of objects within the read range.

The first generation of the UHF RFID butterfly tracking
system presented in [12] used the received signal strength in-
dicator (RSSI) for location sensing. However, RFID can also
provide time-of-flight based location sensing [13]. This paper
presents an upgraded system for the same purpose. Instead
of using the inherently inaccurate RSSI measurements, the
system uses the phase of the received signal for location and
speed estimation. The first system developed by the authors
was capable for 2D tracking [14].

In the present system the object tracking and enhanced lo-
cation estimation is realized with a dynamical model for the
objects that is solved with an extended Kalman filter (EKF)
and Rauch–Tung–Striebel (RTS) smoother [15] by an exten-
sion of the approach used in [14]. This paper describes the
system in detail including the RFID butterfly tags, the indoor
cage and reader antenna configuration, and the tracking algo-
rithm. In addition, we show verification results of the system
that are measured in an anechoic chamber and also prelimi-
nary experiments in the field environment used to study but-
terflies.



2. RFID TAG FOR BUTTERFLIES

Due to the small size of butterflies, we have developed a spe-
cial RFID tag for our location sensing system. The RFID tag
should ideally not affect the behavior of butterflies, which sets
very stringent criteria for the mass, form factor, and the mo-
ment of inertia of the tag. We have ended up using a transpon-
der somewhat similar to those generally used with the har-
monic radar (see e.g. [3]), where the tag antenna is a small
dipole aligned vertically on the thorax of the insect. In this
setup, the thin metal wire acts both as an electrical conductor
and mechanical support.

We have used the Monza 4 UHF RFID chip. The chip
is commercially available and provides one of the lowest
reported power sensitivities (−17 dBm). The antenna is con-
jugate matched to the input impedance of the chip (11− j143
Ohms at 915 MHz) using two surface mountable 120 nH
inductors (Murata LQW15ANR12J00D). The RFID chip
and the inductors are soldered on a tiny piece of PET inlay
(MylarTM) with etched copper conductors. Because of the
size and weight constraints, conjugate match would be very
challenging to realize with other means. Currently tags are
manufactured manually under a microscope. A schematic
layout of the tag (insert) and a photograph of a butterfly
(Heliconius) equipped with it is shown Fig. 1.

Fig. 1: Butterfly RFID tag consists of a small dipole antenna
made of thin copper-wire, two matching inductors, and an
RFID chip in the middle. The tag is mounted vertically on
upper side of thorax. The figure is not to scale.

The power sensitivity and the modulated radar cross sec-
tion of the tag were measured with an RFID test equipment
(Tagformance lite). The transmit and receive channels of the
RFID test device are coupled to a single reader antenna (SPA
8090/75/8/0/V) through a circulator (V24). The measured
forward read range (assuming 33 dBm ERP transmit power)
of 7 tags is shown in Fig. 2a. The tags are in free space con-

ditions during the measurement.
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Fig. 2: Left (a): Measured read range of butterfly UHF RFID
tags as a function of the frequency. The tags are in free space
conditions during the measurement. Right (b): Measured for-
ward read range of tag 7 in free space (dashed blue) and on
butterfly (solid red).

The read range of the tag peaks between 910 MHz and
920 MHz, where it varies from 2.5 m to 3.2 m. The read-
out range limits the largest cell size. The proximity effect
of the butterfly is studied by characterizing tag 7 both in free
space conditions and on butterfly. Fig. 2b shows the measured
forward read range of tag 7 in air and when mounted on a
butterfly.

Butterfly lowers the resonance of the tag by approxi-
mately 10 MHz but does not significantly affect the maxi-
mum read range. According to this result and our experience,
tag antennas of this type can be fully tuned prior attaching
them on a butterfly. However, the reader frequency is selected
(910 MHz for tag 7) to maximize the read range.

3. ANTENNA SETUP

We set up the location sensing system both in laboratory envi-
ronment (anechoic chamber) and in the actual field environ-
ment at the Lammi biological test station. In each of these
locations we used a setup, where four RFID reader antennas
were positioned on the vertical edges of a box-shaped test cell.
The antennas were also located at different heights for better
spatial diversity in vertical direction. The antennas are oper-
ated with an RFID reader (INfinityTM 510 UHF Reader) with
four antenna terminals. A schematic layout is shown in Fig. 3.

We chose this cell geometry, because we use commer-
cially available reader antennas (SPA 8090/75/8/0/V) whose
radiation pattern provides a good coverage for the box-shaped
cell. In addition, this configuration also generalizes to multi-
ple cells in which case the number of cells can be freely cho-
sen without a loss of reader antenna spill-over radiation. For
example, if reader antennas were omnidirectional, antennas
on the edges of the tracking area would waste part of the ra-
diated power outside of the observation area. Possible future
development includes designing antennas with radiation char-
acteristics tailored for the selected cell geometry. A photo-



Fig. 3: Cell is approximately a rectangular box and reader an-
tennas are placed on its vertical edges on different heights.
The figure is not to scale.

graph of the butterfly indoor cage equipped with RFID reader
antennas for location sensing is shown in Fig. 4. Currently
the tracking system has only one cell, but more cells will be
added in the future.

Fig. 4: Butterfly indoor cage equipped with an RFID reader
and four antennas for location sensing of butterflies.

4. TRACKING ALGORITHM

We modified the tracking algorithm presented in [14] to pro-
vide 3D location data. That is, we modeled the 3D position
p(t), velocity v(t), and the 4-dimensional antenna bias vec-
tor b(t) via a system of linear stochastic differential equations

(see, e.g., [16, 17])

dp(t)

dt
= v(t)

dv(t)

dt
= wv(t)

db(t)

dt
= wb(t),

(1)

where wv(t) and wb(t) are Gaussian white noise processes.
The 4-dimensional measurements yk obtained at times tk
where modeled as

yk =

‖p(tk)− a1‖
...

‖p(tk)− a4‖

+ b(tk) + ek, (2)

where ‖ · ‖ stands for the Euclidian norm, ai is the 3D
position of the antenna i, and ek is a 4-dimensional IID
Gaussian measurement noise vector. By defining the state as
x(t) = (p(t),v(t),b(t)), and by using the standard equiva-
lent discretization for linear stochastic differential equations
(e.g. [17]) this model can be converted into a discrete-time
state space form

x(tk) = Ak x(tk−1) + qk

yk = h(x(tk)) + ek,
(3)

where the non-linear function h(·) is defined by (2). As the
above model is now a standard-form non-Gaussian state-
space model, we can use the extended Kalman filter (EKF)
and RTS smoother (see [15]) for estimating the state from
the measurements. We also used a similar iterative solution
as in [14] to improve the estimated trajectory via multiple
iterations of the filter and smoother.

5. EXPERIMENTS

5.1. Laboratory Tests

The operation of the location sensing system was verified in
an anechoic chamber. The reader antennas were positioned on
fixed antenna stands on the vertical edges of a 3 by 3 m box.
Two antennas opposite to each other were at 0.2 m height
and the other two at 1.6 m height (marked with triangles in
Fig. 5). The antennas were aligned to point to the center of
the tracking area (box). The response of the tag was measured
repeatedly from each antenna at 890 MHz. The average read-
out rate of a single antenna was 100 times/s.

We moved the tag along trajectories which were marked
in the tracking area by straining a thin line between known
coordinate positions. The RFID tag (Dogbon) was mounted
on top of a thin wooden rod, which is used to manually move
the tag along the strained lines during the measurement. The
largest deviations between the intended and the actual tag tra-
jectories were estimated to be in the order of 100 mm due to
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Fig. 5: Estimated 3D trajectory of a tag in an anechoic cham-
ber. The red dots denote known reference positions on the
trajectory of the tag.
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Fig. 6: The 3D trajectory shown in Fig. 5 depicted directly
from above.

relatively inaccurate manual movement of the tag. An exam-
ple of a result is shown in Fig. 5 and its 2D projection depicted
from above is shown in Fig. 6. The red dots in the figures are
measured corner points of the reference lines. The positioning
accuracy can be estimated to be around a few centimeters.

In addition to fully predefined tag trajectories, we moved
the tag (quasi)randomly in the tracking volume to mimic the
actual flight path of a butterfly in a more realistic way as com-
pared to piece-wise linear trajectory. To have some means to
evaluate the sensing accuracy, instead of arbitrary trajectories
we attempted to form recognizable shapes to 3D space. Fig. 7
shows the result of attempting to draw a flower to air (left)
as well as a 3D spiral (right). In the spiral case we measured
the starting position and the end position which are marked
in red. As can be seen in the figures, the shapes have the in-
tended shape and the starting and ending points of the spiral
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Fig. 7: Results of tracking a more freely moving tag in 3D
space – on the left the shape of the trajectory should resemble
a (naive) flower, and on the left we should have a 3D spiral
which starts and ends at the reference positions marked in red.

are in the correct positions (accounting for the inaccuracy of
the manual movement of the tag).

5.2. Field Experiment

The field test experiment was done at the Lammi biologi-
cal test station of University of Helsinki in a butterfly indoor
cage. We used placed the antennas to the corners of the cage
(size 2.4 m times 2 m) and the antennas were at the heights
0.8 m and 1.7 m. We used stands to mark a set of reference
points in known locations and the tag was moved though a
trajectory which passed though these points.

An example of result is shown in Fig. 8. The reference po-
sitions are shown in red. The difference to the anechoic cham-
ber tests is that the radio environment is now much more chal-
lenging due to disturbances caused by the surrounding metal-
lic structures of the building. As can be seen, this causes the
location accuracy to be worse than in anechoic chamber and
the location error is in the order of tens of centimeters. For
the intended purpose of monitoring the activity of butterflies
this kind of accuracy is already sufficient, but it also could
be greatly improved by taking the radio environment require-
ments better into account in the shielding of the surrounding
structures.

6. CONCLUSION

In this paper we have presented the design and implemen-
tation of an RFID-based location sensing system which is
designed to be used in biological experiments on butterflies.
We have described the design and characteristics of the small
RFID tags, the used antenna and system configuration, and
the tracking algorithm used to compute the final result. In
addition, we represented experimental results obtained in an
anechoic chamber as well as in field environment, which show
that the concept also works in practice.
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Fig. 8: Example of tracking a tag at the Lammi biological test
station. The location accuracy is not as good as in anechoic
chamber, but still the shape of the trajectory is right and is
not too far away from the known reference points (marked in
red).
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