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Low-Profile Conformal UHF RFID Tag Antenna
for Integration With Water Bottles

Toni Björninen, Member, IEEE, Atef Z. Elsherbeni, Fellow, IEEE, and Leena Ukkonen, Member, IEEE

Abstract—Development of a low-profile and conformal RFID tag
antenna with an omnidirectional radiation pattern when mounted
on a water bottle is presented. The antenna design and design pa-
rameters uncertainty are quantified using numerical simulations.
The simulation-based antenna design is verified experimentally for
single and multiple tagged bottles configurations.

Index Terms—Radio frequency identification (RFID), RFID tag
antennas, conformal antennas, UHF antennas.

I. INTRODUCTION

V ERSATILE and energy-efficient passive radio frequency
identification (RFID) technology is a strong candidate to

replace some of the present automatic identification systems,
based on the visual line-of-sight connection, biometric identifi-
cation, and tracking assets with active transmitters. The advan-
tages of RFID in asset tracking and supply chain management
are already widely recognized [1], but there are still unresolved
issues related to the design of cost-effective RFID tag antennas
for the identification of objects with nonplanar surfaces and un-
favorable material content for the operation of antennas. How-
ever, objects of this type are encountered continually in prac-
tical applications of RIFD, such as in the identification of water
bottles, and it is therefore crucial to explore cost-effective tag
antenna solutions further.
The water bottle tag shares the design constraints and require-

ments with many tags intended for item-level RFID. Due to the
very large asset base, the tagmanufacturing costs need to be low.
For flexibility and reliability, a single tag has to cover the whole
global UHF RFID frequency band from 860 to 960 MHz with
good spatial coverage (also in the proximity of other tagged ob-
jects). Very often, the tags also need to be seamlessly integrated
with the objects.
The special features in the design of the water bottle tag an-

tenna arise from the water contents of the bottle and the curved
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bottle surface. First, since water has considerable electrical con-
ductivity and it has high permittivity at the microwave frequen-
cies [2], strong interaction between thewater and the tag antenna
is to be expected. Second, as the radiated field of a current on
a cylindrical surface depends on the radius of the cylinder [3],
the curved bottle surface need to be accounted for in the de-
sign. Neglecting these two design aspects while bending a tradi-
tional planar general-purpose tag antenna onto the bottle results
in distorted radiation pattern [4] and declined read range due
the influence of water on the antenna input characteristics [5].
A conformal antenna array on a cylindrical surface can pro-
duce a uniform radiation field in the plane perpendicular to the
cylinder axis [6], but considering the tag design constraints dis-
cussed above, array configuration may not be a feasible solution
in the present application. However, in RFID context, a dielec-
tric resonator tag antenna on a bottle filled with liquids [7] and a
dipole tag antenna wrapped around a human arm [8] have been
reported providing omnidirectional radiation patterns. This mo-
tivated us to further investigate single-element tag antennas for
water bottle identification.
The tag antenna prototype presented in this letter is fabri-

cated on a thin flexible platform for seamless integration with
a bottle. The tag performance is characterized with the antenna
conductor facing the bottle surface in order to better understand
the expected performance in a scenario where the tag is manu-
factured directly onto the bottle or in the backside of an ordinary
product label.

II. TAG ANTENNA DESIGN

The design process outlined in this section is based on finite
element method (FEM) simulations using ANSYS High Fre-
quency Structure Simulator (HFSS) [9]. To account for the in-
fluence of water on the antenna, a co-design approach, where
the water bottle is considered as part of the antenna, was taken.
The material parameters used for water at 1 GHz and temper-
ature of 20 C are S/m and as
reported in [2]. Other materials included in the simulationmodel
are the bottle plastic and the antenna platform material. Relative
permittivities of and were
measured over the frequency range from 800 MHz to 1 GHz for
these materials with Agilent VNA E8358A, using the Agilent
85070E dielectric probe kit. In the simulations, both the plastic
bottle and the antenna platform were modeled as low-loss di-
electrics with a loss tangent of 0.005.
An important initial observation that steered the design to-

ward the prototype presented was that by bending a center-fed
dipole antenna onto a plastic cylinder filled
with water, the nulls from the dipole E-plane radiation pattern
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Fig. 1. (top left) Simulated normalized (to the maximum value over all spatial
directions) power pattern of a dipole with mm in the -plane. (bottom
left) Simulated radiation efficiency of the dipole versus the dipole width.

can be removed by an appropriate choice of the dipole length.
Another key observation was that with a fixed dipole length,
which provided the omnidirectional pattern, the best radiation
efficiency is achieved with a narrow dipole width. These
two observations are exemplified in Fig. 1.
Based on these observations, modifications of the simple

straight dipole were investigated in order to achieve the
omnidirectional radiation pattern simultaneously with good
conjugate impedance matching between the tag antenna and
the IC. Here, the parameters of interest are the tag antenna gain
pattern in the -plane of Fig. 1, radiation efficiency,
and power transmission coefficient given by

(1)

where and are the tag antenna and IC impedance, re-
spectively. The power transmission coefficient indicates what
percentage of the available power from the antenna is delivered
to the tag IC [10]. The prototype tag is equipped with Higgs-3
EPCGeneration 2 UHFRFID IC byAlien Technology [11]. The
measured tag IC impedance at the wake-up power of the IC re-
ported in [12] was used in the design.
In the present application, the achievable radiation efficiency

of the antenna on the bottle is severely limited by the pres-
ence of the water. A folded dipole antenna, while in the vicinity
of a bottle filled with water, can potentially have high input
impedance compared to that of a straight dipole of the same
length [4], [13]. The antenna input impedance plays a major role
in its radiation efficiency.Moreover, to be able to easily wrap the
tag antenna onto the bottle, the antenna footprint size is limited
to approximately that of an ordinary paper product label placed
on the smooth cylindrical section of the bottle. Since the achiev-
able radiation efficiency is proportional to the electrical size of
the antenna, it is best to try to make use of the available space as
much as possible. Taking into account that increasing the width
of a straight dipole beyond 1 mm did not increase the radiation
efficiency in the initial studies (see Fig. 1), the selection of the
prototype antenna geometry converged to a three-wire antenna
with up to 3 mm trace width, occupying the area of an ordi-
nary product label. Further simulations showed that open-cir-
cuiting the two folded dipole arms in the middle and bending

Fig. 2. Simulation model and the associated parameters.

TABLE I
VALUES OF THE MODEL PARAMETERS IN MILLIMETERS

them inward is favorable for achieving higher radiation effi-
ciency, with minor effects on the other antenna properties. Thus,
the impedance matching and final tuning of the antenna shape
was based on the antenna geometry shown in Fig. 2.
As shown in the cross-sectional view in Fig. 2, the antenna

prototype consists of copper trace on a plastic platform, which
is then wrapped onto the outer surface of the bottle. However,
to achieve potential material savings by eliminating the need
for an additional antenna platform, pad printing technique [14]
could be used to print the antenna directly onto the bottle surface
using conductive thick film ink. Alternatively, as the narrow an-
tenna trace was found favorable in this application, the antenna
shape is well suited for fabrication with inkjet printing [15] in
the backside of an ordinary paper product label.
The impedance matching between the tag antenna and the

tag IC was performed with the T-matching approach based on
shorting the antenna terminals near the tag IC with a conducting
loop. In this way, the input impedance of a short dipole can be
made from capacitive to inductive, and the input reactance of
the fixed-length T-matched antenna is controlled by the shape
of the shorting loop [10].
To preserve the symmetry of the antenna structure, the

T-matching loop was placed on both sides of the tag IC.
Finally, the built-in genetic optimizer of HFSS ver. 12 was
employed to optimize the antenna gain pattern and the power
transmission coefficient in the global UHF RFID band. The
simulation model and the associated parameters are shown in
Fig. 2, and the numerical values of these parameters are listed
in Table I. The optimization was done first for parameters ,
and to achieve an omnidirectional pattern with maximal
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TABLE II
DESIGN FREQUENCIES AND THE CORRESPONDING EIRP VALUES

TABLE III
SUMMARY OF THE ANTENNA DESIGN DATA. GAIN VALUE IS GIVEN IN THE

DIRECTION OF THE POSITIVE -AXIS IN FIG. 2

radiation efficiency and afterwards for parameters and to
arrange for good conjugate impedance matching with the tag
IC.
In empty space, the read range of a passive UHF RFID tag

is typically limited by the reader-to-tag link since the power re-
quired for activating the tag IC is orders of magnitude larger
than the weakest tag signal that can be detected at the reader.
As the transmitted power is limited by the regulated EIRP (see
Table II), the performance of this link is determined by the real-
ized tag antenna gain, given by . The effective
aperture of the tag antenna and thereby the delivered
power to the tag IC are also determined by the realized
tag antenna gain through

(2)

where is the polarization mismatch factor between the tag
and reader antenna and is the incident power density at the
tag’s location. An estimate for the tag read range from (2) is

(3)

where is the wake-up power of the tag IC.
To evaluate using the simulated tag antenna properties,
given in (1) was first calculated using the IC impedance data

from [12] and the simulated tag antenna impedance. The real-
ized tag antenna gain was then calculated using the simulated
tag antenna gains and power transmission coefficients listed in
Table III. Finally, the tag read range is determined using the
18-dBm tag IC wake-up power reported by the manufacturer

and assuming good polarization alignment .
Simulation results in Fig. 3 clarify the effect of bending and

proximity of water on the tag antenna radiation pattern. The high
dielectric constant of water helps to remove the deep nulls seen
in the patterns without the water bottle. The co-design approach
where the bottle is considered as a part of the antenna during the
optimization process provides further improvement. The corre-
sponding read range patterns are shown in Fig. 4. This figure
includes also the uncertainty envelopes corresponding to one
standard deviation uncertainty reported for the measured tag IC

Fig. 3. Simulated tag antenna directivity the -plane in Fig. 2.

Fig. 4. Simulated and measured read range patterns of the tag in the -plane
in Fig. 2 and the associated uncertainty envelopes.

resistance and reactance [12], and maximum 5% variation in the
simulated tag antenna resistance, reactance, and gain.

III. MEASUREMENTS AND DISCUSSION

A power ramping method was used to evaluate the tag read
range experimentally. For this purpose, EPCGeneration 2 query
command (to which the tag replies with its identification code)
was sent to the tag under test while illuminating it with a de-
creasing carrier power density. The measured quantity was the
threshold power , the minimum transmitted carrier power,
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Fig. 5. (color online) Cross section of the multibottle measurement configura-
tions. Red arrows show where the tags are facing. Blue arrows indicate regions
where the tags are in physical contact with each other.

which enables a valid response from the tag. During the mea-
surement, the reader and tag antennas were aligned to minimize
the polarization loss . The measurement was con-
ducted in a compact anechoic chamber with Voyantic Tagfor-
mance Lite measurement device [16], which is a measurement
unit for RFID tag performance characterization. It allows power
ramping at a defined frequency and thereby the threshold power
analysis. The measurement environment was also characterized
in terms of the measured path loss from the generator’s
output port to the input port of an equivalent isotropic antenna
placed at the tag’s location using the device calibration proce-
dure. In this way, the effect of possible multipath propagation
is further suppressed. Using these measured data, the tag read
range is then calculated with

(4)

In practical applications, several tagged bottles are likely to
be placed close to each other. Therefore, configurations with
four tagged bottles were studied as shown in Fig. 5. These con-
figurations are symmetric w.r.t. individual tags, and thus
was measured for only one tag.
The measured and simulated tag read ranges shown in

Fig. 4 verify the simulation-based design within the expected
limits of uncertainty at 915 MHz and for the majority of the
measured directions at 954.2 MHz (the measured result is
contained in the uncertainty envelope around the simulation
result). At 866.6 MHz, the simulation result is slightly too
optimistic, but despite the level-shift between the measured
and simulated curves, their angular responses agree fairly well.
Overall, these results indicate that the simulation-based design
was successful and the developed simulation model correctly
predicts the desired uniform radiation around the bottle with the
antenna occupying less than half of the bottle circumference.
Most importantly, the measured results in Fig. 4 show that the
tag read range around the bottle is more than 2 m, which is
sufficient for the considered application.
The experimentation with the multibottle configurations

shows that although the other nearby tagged bottles affect the
tag antenna radiation pattern, dead zones did not emerge in
either of the studied configurations, as seen from Fig. 6. In
particular, the performance of configuration 2 of Fig. 5, where
the measured tag is in physical contact with two other tag
antennas and surrounded by the water from all sides, is still
reasonable with above 1-m minimum read range at all the
measured frequencies.

Fig. 6. Measured tag read range in the multibottle measurement configurations
shown in Fig. 5. (left) Configuration 1. (right) Configuration 2.

IV. CONCLUSION

The development and experimental verifications of a low-
profile and conformal tag antenna for identification of water bot-
tles with passive UHF RFID has been discussed. The developed
tag antenna does not contain any material layer between the tag
antenna conductor and the bottle, and it could therefore be di-
rectly manufactured onto the bottle or printed in the backside
of an ordinary paper product label for seamless integration with
the bottle.
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