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Abstract—In this paper, we present an UHF-RFID tag mountable
on metallic surfaces and capable to operate in the assigned frequency
bands in Europe (866–869MHz) and USA (902–928MHz). Due to
the proximity of these frequency bands, the dual-band functionality
can be achieved through a perturbation method applied to a single
band tag designed to operate at the intermediate frequency. The
tag consists of an integrated circuit, an impedance matching network
(where the perturbation method is applied) and a patch antenna. The
considered antenna has been chosen because it has high efficiency over
metallic surfaces. The whole tag has been analyzed, designed and
finally fabricated. The read ranges measured in free-space are 9.5 m
and 7.5 m at the European and USA frequency bands, respectively. By
placing the tag on a metal surface, the read ranges increase up to 14m
and almost 11m, respectively.

1. INTRODUCTION

Radio frequency identification (RFID) is a technique used for
identification and tracking of objects by means of electromagnetic
waves [1]. Such a technology has become very popular in the recent
years, and it covers different spectrum locations in the ultra high
frequency (UHF) band, according to worldwide regulations. Thus,
Europe operates at 866–869 MHz, USA at 902–928 MHz, and Japan at
950–956MHz [2], to cite some of the assigned bands.
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The RFID system consists of an interrogator, namely the
reader [3], and the tags [4] that contain relevant information of the
objects they are attached. The reader sends a modulated signal
in all directions, and the tags located within the reader read range
must be capable to receive the signal and generate a backscatter to
the reader. Most used tags are based on plastic substrates, namely
inlays [5, 6]. However, it is known that the performance of inlays close
to liquids or mounted on metallic surfaces is severely degraded [7, 8],
which results in read ranges of only few centimeters. To circumvent
this limitation, specific tags, able to operate in metallic environments,
have been designed. Thus, metallic tags keep their functionality when
they are attached on any surface, including metals. One of the key
issues of metallic tags is the tradeoff between the on-metal performance
and the antenna height. Low-profile antennas, based on meandered
patch antennas [9] or planar inverted-F antennas (PIFA) [10] have low
performance and as a consequence the operation ranges are less than
four meters. As compared to inlays or low profile antennas, metallic
tags have long read ranges and major robustness, but they have larger
dimensions.

Patch antennas [11, 12] are considered for RFID applications
because they exhibit high radiation efficiency, regardless of the surface
where the tag is attached. Moreover, patch antennas can be directly
matched to the integrated circuit through conjugate matching [13],
although the matching is only achieved at one frequency band. In [14]
a long range metallic tag was proposed, where 14 meters of read range
was achieved at European band. Similarly, in [15] a metallic tag was
designed and the read range reached about 24 meters in the USA band,
due to the smaller threshold power of the chip. In order to achieve long
read ranges in two different UHF-RFID regulated frequency bands,
it is convenient to cascade a dual-band matching network between
the antenna and the chip [16]. Thus, the novelty of this work is
the design of a dual-band UHF-RFID tag by means of an impedance
matching network. Such tag exhibits very reasonable read ranges at
the operating bands, regardless of the surface where the tag is attached,
including metal surfaces.

2. DESIGN OF THE DUAL BAND TAG

2.1. Design of Microstrip Patch Antenna

Microstrip patch antennas (MPA) use printed-circuit technology and
they are based on a conducting patch printed on top of a grounded
layer. Thanks to the presence of such ground plane, the MPA exhibits
its functionality on any surface. The advantages of MPAs are low
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profile, light weight, low cost, but inherent narrow bandwidth [12].
Nevertheless, bandwidth can be broadened by increasing the thickness
of the substrate.

A canonic square shape patch antenna has only two geometric
parameters, the width W and the length L. A wider width increases
the antenna gain, but it also increases the dimensions and the difficulty
to match the input impedance. The length directly affects to the
operation frequency. An arbitrary antenna geometry 60 mm× 60mm
patch antenna is designed on the Rogers RO3010 substrate with
dielectric constant εr = 10.2 and thickness h = 1.27mm. An air
gap with thickness 5mm is added between the antenna substrate
and ground by means of holders and posts. Such air gap decreases
the effective dielectric constant, thus improving bandwidth and
radiation efficiency [17]. By etching a slot in the patch (Fig. 1), the
current distribution changes because the current lines must increase
their trajectories, and consequently, the operation frequency shifts
down [18]. Such effect can be noticed in the input impedance of the
antenna and in the reflection coefficient as well, where the antenna
without the slot is shifted up by 600 MHz (Fig. 2). The radiation
patterns are represented in Fig. 3. Due to the presence of a ground
plane, the antenna without slot has a directive pattern with 7.7 dB gain
at broadside, whereas the antenna with slot has a directive pattern
of 8 dBi. It is important to point out that the software used (ADS
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Figure 1. (a) Dimensions of the 60mm×60mm patch antenna, where
the slot is etched in the center of the patch and its dimensions are
46.3mm width and 22.8mm length. (b) Current distribution. The
Rogers RO3010 substrate and the 5 mm air gap are depicted in dark
and light grey, respectively.
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Agilent Momentum) considers an infinite ground plane, so the patterns
correspond to the case of the antennas attached on metallic surfaces.

(a) (b)

Figure 2. (a) Input Impedance and (b) reflection coefficient of the
patch antenna with and without the slot.

(a) (b)

Figure 3. (a) Radiation pattern of the designed patch antennas for
electric plane XZ and (b) for magnetic plane Y Z. The normalized
gains are 7.7 dBi and 8 dBi for the patch antenna without slot and the
same antenna with slot, respectively.

In order to tailor the dual-band impedance matching network in
the next section, the effective dielectric constant is required and it can
be obtained by means of
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where c is the speed of light in vacuum, vp the phase velocity, βl the
electrical length (denoted as θ), f the frequency, and l the physical
length of the considered line. By simulating a microstrip line with
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11.5mm width and 46.8 mm length, and by means of (1), the final
substrate can be considered to have an effective dielectric constant
εeff = 1.9 around of the interest frequencies, and a thickness of h =
6.27mm (substrate layer plus air gap). In order to reduce the tag costs,
the Rogers RO3010 substrate can be replaced with FR4, although it
represents an 8% increase in dimensions. The best choice is to use an
homogenous and cheap substrate with a low dielectric constant or high-
density polyethylene (HDPE) foam [7]. The width and the length of the
line used to calculate the effective dielectric constant have been chosen
according to the dimensions of the impedance matching network, as
will be seen in the next section.

2.2. Design of the Dual-band Impedance Matching Network

Following [16], the dual-band impedance matching network, based on
a transmission line loaded with a resonator, is cascaded between the
antenna and the chip. First of all, the values of the resistance and
the reactance of the antenna at the frequencies of interest must be
considered (Fig. 2). The antenna impedance values are Za(f1) =
0.35 + j12.7 Ω and Za(f2) = 0.45 + j18.5Ω. From the datasheet
of the considered chip (the SL3S1001 from NXP semiconductors),
the integrated circuit impedances are ZIC(f1) = 20.5 − j500Ω and
ZIC(f2) = 19.5 − j471Ω. The requirements for the dual-band
impedance matching network can be obtained by forcing conjugate
matching, that is

Z∗IC(f) = ZB(f)
ZA(f) + jZB(f) tanβl

ZB(f) + jZA(f) tanβl
(2)

where ZIC is the integrated circuit impedance, ZA the antenna
input impedance, and ZB and βl are the characteristic impedance
and electrical length of the dual-band impedance matching network,
respectively. The right member in (2) is the impedance seen from
the chip terminals looking into the impedance matching network.
From (2), we obtain a characteristic impedance ZB1 = 64.4Ω and
an electrical length φ1 = βl = 71.6◦ at f1, and ZB2 = 71.3Ω and
φ2 = βl = 66.8◦ at f2.

The parameters of the transmission line matching network can
be obtained by evaluating the arithmetical mean of the characteristic
impedance and electrical length at the intermediate frequency
(891MHz). By means of the effective dielectric constant and thickness,
the geometry of the line (width and length) can be determined.
Hence, at the intermediate frequency we obtain ZB0 = 67.8 Ω and
φ0 = βl = 69.2◦, which corresponds to a line width of 11.5 mm and a
line length of 46.8 mm. Concerning the resonator, its topology can be
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found according to the characteristic impedances at the frequencies of
interest (ZB1 and ZB2). From such values, it can be observed a positive
or negative trend, which can be associated with an equivalent circuit
and consequently, related with the suitable resonator topology [19].
Regarding the electrical length, it allows to find the coupling to the
line, regardless of the resonator topology. In this case, due to the
positive trend of the characteristic impedances (ZB1 < ZB2), a shunt
LC resonant tank (i.e., the complementary split ring resonator —
CSRR [20]) should be applied to the transmission line to satisfy the
impedance requirements. Nevertheless, the CSRR must be avoided
because it involves etching the ground plane, and as a consequence, it
would increase the complexity of the tag fabrication process. Hence, a
split ring resonator (SRR) [21, 22] is employed (it can be etched on the
top layer). The SRR can be modeled as a series connected parallel LC
tank (rather than a shunt tank) from which it follows that ZB1 > ZB2,
i.e., contrary to our requirements. Nevertheless, this negative trend
does not represent a significant degradation of the read range.

According to the perturbation method reported in [16], by means
of the electrical length and the characteristic impedance, the SRR
reactance at the operating frequencies is found to be χf1 = −χf2 =
10.09Ω. It corresponds to an inductance of L′s = 97.2 pH and a
capacitance of C ′

s = 328 pF from the lumped equivalent model of the
SRR coupled to the microstrip line [23]. The geometric parameters
of the resonator (c, d, rext and rin), which are shown in Fig. 4,
are determined according its equivalent model in order to obtain
the resonant frequency at 891MHz, but as usual, we optimized the
final geometry. Concerning to the distance lSRR between the host
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Figure 4. Layout of the impedance matching network. The width
of the line is 11.5 mm and the length 46.8 mm. The resonator has
an internal radius rin = 7.8mm, external radius rext = 8.7 mm, rings
width c = 0.5mm, inter-rings distance d = 0.6mm, distance between
host line and SRR lSRR = 2.4 mm and position of the SRR from the
left side of the transmission line l′ = 27.4mm. The integrated circuit
is located at the left side of the layout, and the patch antenna at the
right side.
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line and the SRR, it determines the level of coupling. A strong
coupling between the resonator and the host line introduces large
variations in the electrical length, which tend to far the resonance
frequencies. Conversely, a weak coupling produces a small split-
off of both frequencies. This behavior is shown in Fig. 5(a). The
characteristic impedance of the matching network is also shown, where
it can be seen a smooth variation regarding the desired impedance
value at the American frequencies. After the resonance frequencies are
determined, an adjustment in the characteristic impedance is done by
means of the distance l′, which is the relative position of the resonator
along the host line. Such parameter does not affect the electrical length
(Fig. 5(b)), which was set and it remains unaltered, and it only affects
the characteristic impedance. The effect of moving the resonator across
and along the host line is also shown in Fig. 6 by means of the reflection
coefficient of the impedance matching network cascaded to the patch
antenna.

(a) (b)

Figure 5. (a) Electrical length and characteristic impedance for
the impedance matching network, where the resonator was coupled
to different positions across the host line (orthogonal movement).
The impedance matching network without the SRR is also shown.
(b) Electrical length and characteristic impedance for the impedance
matching network, where the resonator was moved along the host line.

The electrical length and the characteristic impedance of the final
layout are depicted in Fig. 7. At the European frequency (867 MHz)
we obtain ZB1 = 71.5Ω and φ1 = βl = 71.1◦, and at the USA
frequency (915 MHz) we obtain ZB1 = 63.5Ω and φ1 = βl = 68.6◦.
Comparing these values with the required ones, the electrical lengths
are similar, which allows to adjust the resonant frequencies. As
expected, for the characteristic impedance the obtained values do not
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(a) (b)

Figure 6. Reflection coefficient for the impedance matching network,
where the resonator was moved orthogonal (a) or along (b) the host
line.

(a)

(b)

Figure 7. (a) Phase and characteristic impedance of the dual-band
impedance matching network. (b) Simulated and measured power wave
reflection coefficient of the dual-band tag.

coincide, but are similar to the required ones, so as to guarantee a
good matching at the frequencies of interest, and hence a dual-band
behavior. The power wave reflection coefficient has been obtained and
also depicted in Fig. 7. A smith chart (Fig. 8) has been added to better
understand the matching technique. Considering the patch antenna
cascaded with the impedance matching network without the SRR, it
is a host line only, impedance matching is obtained at intermediate
frequency f0 = 891 MHz. According to Smith chart, it involves that
the input impedance of the tag passes through the desired conjugate
value. Now, we consider the impedance matching network with the
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SRR located at the proper position. The SRR introduces a resonance
at the intermediate frequency, which allows the input impedance to
pass through the conjugate impedance at each desired frequency. The
radiation patterns of the designed dual-band tag (Fig. 9), including
the impedance matching network, are the same than those of the patch
antenna, but due to the dual-band behavior, the efficiency and the gain
have decreased. The gains are 6.3 dBi and 6.9 dBi at the European and
USA frequency bands, respectively.

(a) (b)

Figure 8. (a) Smith chart for the antenna cascaded with a convention
line to obtain the conjugate impedance at intermediate frequency
891MHz, and (b) smith chart for the antenna with the impedance
matching network designed to provide dual-band behavior.

(b)(a)

Figure 9. (a) Radiation pattern of the designed patch antennas for
European frequencies, and (b) for the American frequencies. The
normalized gains are 6.3 dBi and 6.9 dBi, respectively.
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3. FABRICATION, MEASUREMENT AND READ
RANGE

3.1. Fabrication and Measurement

The fabricated dual-band tag is shown in Fig. 10. First of all, a SMA
connector was soldered between the top layer and the ground plane to
measure the return loss S11 by means of the E8364B vector network
analyzer. Since the probe impedance was 50Ω, a renormalization of
the port impedance was necessary. Then, these results were exported
to Agilent ADS in order to infer the power wave reflection coefficient
s by considering the chip impedance as reference of the input port
impedance (Fig. 7(b)). Good agreement was found between the
simulation and the measurement. After the measurement, the SMA
connector was replaced with the chip to obtain the read range.

 

Chip 

Holders 

Figure 10. Photograph of the fabricated dual-band tag. Tag
dimensions are 106.8mm×60mm. The ground plane layer is separated
from the top layer by means of posts and holders.

3.2. Read Range

The read range [24] is the fundamental parameter relative to tag
performance. It can be calculated using the Friis free space formula as

r =
λ

4π

√
EIRPGrτ

Pchip
(3)

where λ is the wavelength, EIRP (equivalent isotropic radiated power)
determined by local country regulations, Pchip the minimum threshold
power necessary to activate the RFID chip, Gr the gain of the receiving
tag antenna, and τ the power transmission coefficient. The value
of EIRP in European frequencies is 3.3W, whereas in American
frequencies is 4 W. The simulated read range can be inferred from
Equation (3), and it is depicted in Fig. 11. As mentioned before, it
is important to emphasize that, in the electromagnetic simulation, the
ground plane was considered to be infinite, which corresponds to the
situation where the tag is placed on a metallic surface.
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The read range can be measured by means of a reader, or by means
of a specific tag test setup [25]. The RFID tag test set up available in
our laboratory consists of an Agilent N5182A vector signal generator
(where RFID frames are created), an Agilent N9020A signal analyzer
to recover the RFID frames backscattered by the tag under test, and
a TEM cell. After the tag is located inside the TEM cell, a power
and frequency sweep is carried out for the RFID frames. When the
frequency of the RFID frame fits within the tag operation frequency, a
backscatter signal is sent. Hence, observing the backscattering, we can
determine the tag power activation and operation frequencies. Finally,
the received power by the chip at each frequency is related to the
incident electric field intensity E0, according to

Pchip = SAefτ =
|E0|2
2η

λ2Gr

4π
τ (4)

where S is the incident power density, Aef the effective area of the tag
antenna, and η the wave impedance (which is equivalent to 120π Ω).
The measured read range can be inferred by introducing (4) in (3),
resulting

r =
√

60EIRP

E0
(5)

The measured free-space read range (Fig. 11) was obtained by placing
the tag inside the TEM cell. The read range was found to be 9.5m at
the European frequency band and 7.5 m at the USA frequency band.
Due to variation of the feeding point of the chip in the fabricated tag,
a slight shift up and unbalance of read range can be seen. Increasing
the length of the impedance matching network would shift down and
balance the read ranges. When the tag is located on a metallic surface

Figure 11. Read range of the dual-band tag calculated by means of
the electromagnetic simulation, taking into account an infinite ground
plane, and measured read range using the TEM cell (free-space), and
using the TEM cell with the tag attached to a metallic slab into the
cell.
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of 250 mm × 250mm, such unbalance increases. Nevertheless, the
achieved read range is 14m and almost 11 m at the European and USA
bands, respectively. The agreement between the on-metal experimental
and simulated read ranges is reasonable.

4. CONCLUSION

To summarize, the design of a patch-antenna based dual-band UHF-
RFID tag has been carried out by means of the perturbation method
applied to the impedance matching network cascaded between the
chip and the patch antenna. The proposed tag has been fabricated,
and the read range has been measured in free-space and with the
tag attached to a metallic surface. The read ranges in free-space are
9.5m at the European frequency band and 7.5m at the USA frequency
band. Reasonable agreement has been found between simulation and
experimental results for the read range of the tag placed on top of a
metallic surface, reaching 14 m at the European band, and almost 11m
at the USA band.
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