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Phantom Design and Verification Enabling Effective
Antennas for Bird Tracking Technology

Bryan A. Sandoval, Member, IEEE, Eli S. Bridge, Caleb F. Fulton , Senior Member, IEEE,
and Jessica E. Ruyle , Senior Member, IEEE

Abstract—Advances in miniaturized radio tracking technology
are helping to revolutionize the field of wildlife biology, especially
with respect to studies of small birds. However, development of
antennas for animal tracking applications often fails to formally
account for the effects of the animal’s body on signal transmission.
This letter describes an electromagnetic phantom that accurately
represents a small bird. The phantom is validated with empirical
measurements and can be easily scaled to represent larger or
smaller bird species.

Index Terms—Bird tracking, dark-eyed junco (Junco hyemalis),
phantom.

I. INTRODUCTION

ORNITHOLOGISTS have been studying bird movement
patterns for decades, and miniaturized tracking technolo-

gies have led to major advances in understanding of phenomena
like migration and habitat use [1]–[6]. Although development of
tracking technologies for birds has been ongoing for decades, de-
velopment of effective antennas for radio-telemetry devices has
involved considerable guesswork with regard to how the body
tissues of a bird affect signal transmission. To date, attempts
to model or simulate a bird body involved assuming the effect
of the animal’s body is negligible or equivalent to a volume of
saline. For example, in [7], a simple bird model was designed
with two ellipsoid shapes with the electrical properties of saline
(εr = 75 and σ = 2 S/m) to represent the head and the torso of a
bird. Although this model was a critical first step, there was no
formal attempt to justify equating the birds tissues to saline or
to otherwise validate the accuracy of the model.

This letter describes a more realistic bird phantom designed
in high frequency structure simulator (HFSS) [8] that accurately
represents the material properties that have been empirically
measured with salvaged carcasses of dark-eyed juncos (Junco
hyemalis). Dark-eyed juncos are a common species that has
been the subject of numerous tracking studies [9]. Additionally,
dark eyed juncos are a representative size and anatomy of a
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Fig. 1. Bird phantom with nested ellipsoids to represent both feathers and wet
tissue.

small bird for which ongoing development of tracking technol-
ogy is needed. This letter will begin with a discussion of the
bird phantom. The properties of the phantom described in the
initial section will be justified through antenna measurements
discussed in Section III. Finally, a comparison of the simulated
and measured results with the phantom and bird carcasses
will be discussed in Section IV and will be followed with
conclusions.

II. BIRD PHANTOM

The phantom is configured as an ellipsoid within an ellip-
soid, where the outer volume represents the feathers and the
inner volume represents wet tissue as shown in Fig. 1. This
arrangement of volumetric structures accurately simulates the
dominant dielectric and geometrical features, yet is simple
enough to allow for straightforward scaling to generate repre-
sentations for a variety of bird species. The phantom structure
was initially conceived as a more complex model with additional
ellipsoids that represented the interconnected air sacs found in
all birds. However, the virtual air sacs did not contribute to
the accuracy of the model with regard to its electric properties.
Hence, a simplified model, without air sacs is presented here.
This letter represents the first step toward a comprehensive
phantom library to propel antenna designs for bird tracking
technology.

The properties of the bird phantom are presented in this
section. The justification for these properties will be given in the
next two sections. An outer volume with a relative permittivity
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Fig. 2. Illustration of a leg-loop harness for bird trackers from [12].

of 1.2 and a conductivity value of 0 S/m and an inner volume
with a relative permittivity of 1.2 and a conductivity value of
3 S/m provided the best match between simulated and measured
results. It is important to note that the inner volume is slightly
offset and not centered. This was done to represent the abundance
of feathers at the tail end of the bird carcass. The salvaged bird
carcass was measured to have 67 mm in length and 45.67 mm in
width, which was set as the outer volume dimensions. In order to
compensate for the average width and length of feather around
the torso, an inner torso volume was set to an average length of
44.7 mm and a width of 30.47 mm, while the space between the
two volumes is the average dimensions of feathers around the
bird carcass. This is annotated in Fig. 1.

III. ANTENNA DESIGN AND MEASUREMENTS

A monopole antenna was chosen to verify the phantom due to
its simplicity and field similarity to traditionally used antennas
for bird tagging. The monopole was chosen over a dipole to
eliminate the need for a balun as the balun would add significant
complexity to the measurement. A ribbon monopole antenna was
designed, simulated, and fabricated at the operating frequency
of 2.85 GHz. The frequency of 2.85 GHz was chosen to en-
able tag design in the weather radar frequency band—allowing
bird tracking with already constructed and maintained infras-
tructure. While 2.85 GHz is above some frequencies used for
bird tracking [10], [11], the higher frequency used here should
simply provide increased sensitivity and the phantom presented
here should maintain a reasonable level of accuracy at lower
frequencies.

The ribbon (length 21.4 mm) was designed as 1/2 oz copper
trace material backed with 30 mil Rogers 5880. The ground
plane was a square with side length of twice the wavelength
(21.43 cm) and constructed using 1/2 oz copper 60 mil Rogers
4350. The monopole was designed with an SMA connector
feeding the antenna through a hole in the ground plane as
is typical. The RMS error between simulated and measured
results for the monopole of both return loss and impedance
was within of 5% across the entire frequency band while RMS
error between simulated and measured realized gain across all
measured cut-planes was within 6%. Therefore, the constructed
monopole can be used to find appropriate material proper-
ties for the phantom by comparing simulated and measured
values.

The fabricated monopole was measured both in free space and
mounted in direct contact with two different bird carcasses. The
dark-eyed juncos (Junco hyemalis) used for measurements were
salvaged carcasses that were frozen for preservation and thawed

Fig. 3. Simulated ribbon monopole with bird phantom with depictions of
(a) dimetric view, (b) side view, (c) dimetric view closer to the antenna, and
(d) saline phantom used for comparison in this paper with only one solid ellipsoid
and material properties as suggested in [7].

before any measurements were taken. Tracking devices for small
birds are typically mounted on the lower back using a leg-loop
harness as shown in Fig. 2. A position for the monopole that
most closely emulated this typical antenna mount was chosen.
In Fig. 3, the simulated ribbon monopole antenna is shown
with the bird phantom. For testing, the ribbon monopole was
vertically oriented and a styrofoam mount was used to position
the lower back of the bird against the antenna with the copper
traces facing outward and away from the bird (see Fig. 3).
Two different dark-eyed juncos (Junco hyemalis) were used
for the bird measurements—labeled as Bird 1 and Bird 2 for
comparison. Bird 1 had been dead and frozen for about a year
and a half, while Bird 2 had a more recent death of about 2
weeks prior to measurements. In physical appearance, Bird 1
was slightly bigger (about 10–15 mm in additional length) than
Bird 2.

Fig. 4 shows the magnitude of the insertion loss (|S11|)
and input impedance for the fabricated monopole in free
space and mounted next to Birds 1 and 2. The figure shows
that Birds 1 and 2 slightly shifted the resonance and in
the case of Bird 2 provided a higher insertion loss dip.
Both of these figures illustrate that the birds did not have
a significant impact on impedance behavior of the ribbon
monopole.

Fig. 5 shows the copolarized radiation patterns for the fabri-
cated monopole in free space and mounted next to Birds 1 and 2.
It can be seen in this figure that the birds have more impact on
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Fig. 4. Measurements of monopole placed next to birds compared to free
space measurements and simulations with (a) showing magnitude of insertion
loss (|S11|) in dB and (b) showing input impedance (Z11).

the radiation of the antenna than its impedance. In the azimuth
cut plane there is a radiation dip around 270◦ from the feeding
coaxial cable. In Fig. 5(c), a comparison of the copolarized
elevation radiation pattern at Φ = 90◦ for the monopole antenna
measured next to Bird 1, Bird 2, and free space. A noticeable
impact of the presence of the birds on the radiation pattern of
the monopole is that there is no longer a null at the top of the
radiation pattern when the birds are present.

IV. BIRD PHANTOM VERIFICATION

Permittivity and conductivity values, given in Section II, for
both ellipsoids of the phantom were found to match the measured
and simulated results using parametric sweeps in HFSS. For
comparison, a previously published saline model [7] was also
simulated in HFSS as shown in Fig. 3(d); the shape of the outer
volume in Fig. 1 was simulated without the inner ellipsoid, where
the solid ellipsoid had properties of εr = 75 and σ = 2 S/m.
When used for experiments, this previous model consisted of a
sponge filled with saline, which was carved in the shape of a bird.
In Fig. 6, the magnitude of the insertion loss (|S11|) and input
impedance is shown for the bird phantom designed in this work
(with the previously listed permittivity and conductivity values),
the saline model, and the salvaged bird carcasses. This figure
shows that the bird phantom published in this work presents

Fig. 5. Comparison of co-polarized radiation patterns of realized gain in dBi
for the monopole measured with and without bird carcasses at 2.85 GHz for (a)
azimuthal plane (θ = 0), (b) elevation plane (φ = 0), and (c) elevation plane
(φ = 90◦) for the antenna and bird orientation shown in Fig. 3.

a more accurate model than the saline model for impedance
behavior.

In Fig. 7 the copolarized radiation patterns (at 2.85 GHz) are
shown for the simulated bird phantom designed in this letter, the
simulated results for the previously published saline model, and
measured results for both of the salvaged bird carcasses. This
figure shows that the phantom presented in this letter provides
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Fig. 6. Measurements of monopole with bird carcasses compared to simula-
tions of monopole with the phantom shown in this work and the previously
published saline model [7]: (a) Magnitude of insertion loss (|S11|) in dB.
(b) Input impedance (Z11).

a better match with the measured results using bird carcasses
than the previously published saline model for radiation. The
saline model attenuates the radiation too extensively (indicating
too much loss in the model).

In Fig. 7(b) and (c), the copolarized elevation radiation pattern
is shown at φ = 0 and φ = 90, respectively. For the eleva-
tion radiation pattern at φ = 90, it shows that the monopole
simulated with the bird phantom presented in this letter does
not have a null at the top of the radiation pattern—unlike the
measured and simulated results of the monopole in free space.
Comparing the results of the monopole with the simulated
bird phantom and measured results for the monopole mounted
with bird carcasses yields an RMS error of less than 7% for
both return loss and the impedance less than 8% for realized
gain.

V. CONCLUSION

In conclusion, the electrical properties of our bird phantom
model corresponded well with empirical measurements on sal-
vaged carcasses of dark-eyed juncos. This phantom can be
scaled for other bird species and will enable more effective bird
tracking. The bird phantom is constructed of nested ellipsoids
with εr = 1.2 and σ = 3 S/m for the inner volume and εr = 1.2
and σ = 0 S/m for the outer volume. This nested ellipsoid model
was shown to be significantly more accurate than the only other

Fig. 7. Comparison of copolarized radiation patterns of realized gain in dBi
for the monopole measured with bird carcasses versus the simulated monopole
with the bird phantom shown in this work versus the previously published simple
saline model [7] at 2.85 GHz for (a) azimuthal plane (θ = 0), (b) elevation plane
(φ = 0), and (c) elevation plane (φ = 90◦).

previously published model, which equated bird body tissues
to a uniform volume of saline. This work represents the first
step toward a comprehensive phantom library to propel antenna
designs for bird tracking technology. Future work should com-
pare scaled versions of the phantom to different bird species and
confirm model validity across a wider frequency range.
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