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Mervi Hirvonen, Kaarle Jaakkola, Pekka Pursula, and Jussi Saily

Abstract—A technique for tuning a single-element planar
inverted F-antenna (PIFA) to provide a dual-band operation is
introduced. The tuning is possible due to the particular impedance
level typical to radio-frequency identification microchips. As the
desired impedance level resides near the outer rim of the Smith
chart, a single impedance locus may be arranged to pass the
input impedance twice resulting in dual-band operation. The
tuning of the impedance locus is based on the feed inductance and
capacitive coupling at the open end of the patch. In this paper, also
a discussion about the principles of platform tolerance of small
antennas is provided. A design, circuit model, simulations, and
measurement results of dual-band platform tolerant PIFAs are
reported and discussed.

Index Terms—Dual-band, energy scavenging, planar inverted
F-antenna (PIFA), platform tolerance, radio-frequency identifica-
tion (RFID).

1. INTRODUCTION

ADIO-frequency identification (RFID) has gained much
R interest in several service industries recently. However, for
RFID tag antennas, many challenging features are required. For
example, small size, low profile, direct impedance matching to
the microchip, and suitability to low-cost mass production are
crucial issues. Also, platform tolerance of the antenna is nec-
essary in order to gain usability in different environments and
applications. In addition, currently different frequencies are al-
located for RFID use in Europe (867 MHz), North America (915
MHz), and Japan (953 MHz). Also, in RFID sensor applications,
it would be beneficial to scavenge energy from radio networks
in order to sustain constant sensor activity in passive systems or
charge the battery in active systems. Suitable energy scavenging
bands would be, for instance, the transmit frequencies allocated
to GSM base stations. Thus, a multiband operation of the RFID
tag antennas is preferred.

Multiband operation is traditionally achieved in antennas by
using several resonant elements or exploiting the harmonics [1].
Placing several resonant elements for example in PIFA struc-
tures leads to large size. Also, coupling between the elements
may degrade the performance of the antenna severely. On the
other hand, by exploiting the harmonic frequencies, only multi-
ples of the base frequency may be generated. In most cases, also
different platforms tend to affect the characteristics of the an-
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tenna [2]-[6]. In this paper, the technique for tuning a single-el-
ement platform-tolerant PIFA for dual-band operation at arbi-
trary frequency bands is introduced.

II. PLATFORM TOLERANCE

For many antennas, the radiation pattern, bandwidth, and
input impedance are typically highly platform dependent.
However, in RFID applications the same antenna type may be
attached directly on top of different kinds of objects. Especially
stable impedance behavior is essential, since the power supply
of the RFID microchip depends greatly on matching. Tradi-
tionally, the effects of the platform to antenna impedance are
decreased by using large ground planes in the antenna structure.
For example, according to [2]-[4], a ground plane of wave-
lengths in size is needed to stabilize the input impedance of a
vertical monopole. Also, results concerning circular microstrip
antennas have been reported in [5]. The study shows that a
ground plane radius beyond 1.3 times the patch radius is enough
to stabilize the input impedance. A similar study concerning
a PIFA structure has been reported in [6], where the ground
plane of only less than 0.2\ in size had an impact on the input
impedance. Still, the exact size of the ground plane needed to
stabilize the input impedance of the antenna depends also on
the impedance bandwidth. Broad bandwidth is thus another
technique to minimize the platform effects. However, in small
antenna structures like PIFAs, broad bandwidth usually means
large size and more importantly, high profile. For example, the
PIFA introduced in [6] is 0.065\ high, which is unacceptable
in RFID applications.

Regardless of the antenna bandwidth, platform-tolerant
impedance behavior may also be achieved with a certain cur-
rent distribution. It has been presented that surface currents
induced by horizontal point sources above the ground plane
decay more rapidly than those induced by vertical sources [7].
In other words, e.g., PIFA structures with dominating horizontal
current distribution tend to be more platform tolerant than those
with dominating vertical sources. Of course, the proximity
of the ground plane for dominating horizontal current leads
to very narrow bandwidth behavior, but in RFID applications
only a narrow operation band is required. Dominating vertical
current distribution is typical to many PIFA structures, since a
vertical short tends to attract the current. However, by widening
the short, i.e., reducing the inductance of the vertical part and
lowering the height of the antenna, a dominating horizontal
current distribution is achievable [8].

III. DUAL-BAND OPERATION

In RFID applications, the antenna is connected to a mi-
crochip. In order to maximize the power supply of the chip,
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Fig. 1. Dual-band PIFA design.
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Fig. 2. Equivalent circuit of the proposed PIFA structure.

the RFID antennas are directly conjugately matched to the
microchip terminal impedance. The impedance of the RFID
microchips usually behaves as a series RC-circuit. In practice,
this means a large reactive part of the impedance [9]. On the
other hand, the real part of the impedance is quite low. The
required input impedance of the RFID antenna is thus typically
between (5-30)+j(130-250) €2.

Like microstrip antennas, PIFA structures are typically mod-
eled as parallel resonant circuits [10], [11]. However, in these
cases, the PIFA structures are fed by 50 € coaxial probes. In
RFID applications, the feed of the antenna is a microchip. The
ground of the microchip may be arranged by via or, more im-
portantly, by an open-ended stub as presented in Fig. 1. The use
of an open-ended stub instead of a ground via is often preferred
in RFID PIFA structures because of the manufacturing issues.

As the open-ended stub may be bent near the radiating edge
of the patch, a series capacitance is formed instead of a parallel
one. The equivalent circuit for this kind of PIFA structure is pre-
sented in Fig. 2. Transmission line 1 (TL1) defines the distance
from the feed point to the short and transmission line 2 (TL2) the
distance from the feed point to the open end of the patch. Trans-
mission line 3 (TL3) represents the feed inductance relating to
the length and width of the open-ended stub.
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Fig. 3. Typical impedance behavior in the probe or microchip with a via fed
PIFA.

In the typical case, where the antenna is fed by a probe or
the ground of the microchip is arranged with a via, the feed in-
ductance caused by TL3 is not easily tuned. In other words, the
location of the impedance locus on the Smith chart is somewhat
fixed. Hence, the desired input impedance may be achieved only
by tuning the location of the feed (TL1 and TL2). In practice,
reaching the low real impedance and highly inductive reactance
usually means rather large locus, and the feed of the antenna
has to be far away from the short and near the open end of the
patch (TL1 > TL2). The typical matching case is illustrated in
Fig. 3. The frequency range is from 500 to 1500 MHz. As can be
seen from Fig. 3, the locus passes the example input impedance
10+;j160 typical to RFID only once, indicating single-band op-
eration.

On the other hand, in the case of an open-ended stub, the
length and width of the stub relate to the feed inductance TL3
and move the locus towards the load as presented in Fig. 4. In
this case, the desired input impedance may be achieved with
an arbitrary size impedance locus, which is moved suitably to-
wards the load. As in RFID, the desired input impedance resides
near the outer rim of the Smith chart, the impedance locus may
be placed such that it passes near the desired impedance point
twice, as illustrated in Fig. 4 case 3TL3. Thus, a dual-band op-
eration may be achieved with only one resonant element. Se-
ries capacitance relates to the size of the locus as presented in
Fig. 5. As the capacitance increases, a narrower frequency range
forms the locus. In other words, the vicinity of the two fre-
quency bands may be tuned by altering the coupling between the
open-ended stub and the radiating edge of the patch. In practice,
tuning the parameters affects the overall current distribution of
the antenna. Thus, the circuit model only gives reasoning be-
hind the dual-band tuning technique but is not suited for exact
calculation.
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Fig. 4. Impedance behavior as a function of the length of the open-ended stub.
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Fig. 5. Impedance behavior as a function of the series capacitance.

IV. SIMULATIONS AND MEASUREMENTS

The geometry of a dual-band platform-tolerant planar in-
verted F-antenna is presented in Fig. 1. As discussed in Section
II, for achieving platform tolerance, the short is as wide as
the patch edge and the antenna is really low in profile. More
importantly, no ground plane is needed behind the short in
order to achieve platform tolerance, which is a great asset in
manufacturing. The ground of the microchip is arranged with
an open ended stub in order to achieve dual-band operation as
discussed in Section III.

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 54, NO. 9, SEPTEMBER 2006

867 / 915 MHz
T 867/940 MHz

Fig. 6. Simulated input impedance.

The proposed antenna may be tuned to provide a dual-band
operation for any frequency combination related to RFID. In this
paper, two example cases are introduced: RFID use in Europe
and in North America (867/915 MHz) and RFID use and energy
scavenging in Europe (867/940 MHz). With a polyethylene sub-
strate, e, = 2.35, tan 6 = 0.002, the length L of the antenna is
62.0 mm and width W is 51.3 mm including the ground plane.
The metallization is 18-pm-thick copper. The height H of the
antenna is only 3.0 mm, and 5.0 mm of ground plane frame S is
needed to achieve the platform tolerance. The dimensions of the
upper patch are 53.0x38.5 mm?. In the case of a 867/915 MHz
antenna, the gap between the stub and the edge of the patch is
1.0 mm, which is 0.9 mm narrower compared to the 867/940
MHz antenna, providing larger capacitance and thus more adja-
cent operating bands.

The simulated impedance behaviors between 850-955 MHz
of the antennas are presented in Figs. 6 and 7. The simulations
were conducted with Zeland IE3D software based on method
of moments (MoM). The impedance of the RFID microchip
in question behaves as a series RC-circuit with input imped-
ances of (10—j160) €2 at 867 MHz, (10—j150) at 915 MHz
and (10—j145) at 940 MHz. As can be seen from Fig. 6, the
impedance loci pass near the desired impedance level twice pro-
viding dual-band operation. The impedance mismatch 7 is pre-
sented in Fig. 7.

The simulated radiation patterns are presented in Fig. 8. The
patterns are the same at 867 MHz for both example antennas. As
can be seen from Fig. 8, the patterns look quite similar for all the
studied frequencies. The radiation is almost omnidirectional, in-
cluding a strong backlobe. Also, the radiation is highly linearly
polarized, resembling the radiation of a loop or magnetic dipole
due to the dominating horizontal current distribution.

The impedance matchings of the antennas were verified with
a scattering measurement technique [12]. A test microchip was
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Fig. 7. Simulated impedance mismatch.
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Fig. 8. Simulated radiation patterns at (a) 867 MHz, (b) 915 MHz, and (c) 940
MHz.
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Fig. 9. Measured gain including mismatch of the 867/915 MHz antenna.

connected as a load to the antenna. The chip contains an os-
cillator that drives a varactor at the input of the chip, causing
a phase modulation of the backscattered signal. The modula-
tion starts if the chip is fed at least with P.., = 16 pW of
input RF power. Because this limiting power is constant, the
transmit power P;, needed to wake up the modulation describes
the power transfer between the antenna and the chip. The lower
the required transmit power P;,, the better the matching be-
tween the antenna and the chip. In fact, the effective antenna
aperture A, including the mismatch 7 between the antenna and
the load is inversely proportional to the required transmit power
P, tx

47rr2PTeq
Gtthz

NG Py

A= =
K 471'?7 S

ey

where S describes the power density of the transmitted field at a
distance r. Measuring the required transmit power as a function
of the frequency gives information of the antenna bandwidth
with the microchip as its load. The oscillator chip has the same
input impedance as the RFID chip, with which the antenna will
be used. Thus, the measurement describes the antenna in the
actual application.

The results of the scattering measurements, in other words,
gain including the impedance mismatch between the antenna
and the chip, are presented in Figs. 9 and 10. Polarization mis-
match is neglected. As can be seen from Fig. 9, two separate
bands are detected at 867 and 915 MHz, and the bandwidths
are around 14 MHz. The bandwidth is defined as a half-power
bandwidth of the antenna gain. The results for the 867/940 MHz
antenna are quite similar. Two distinct bands are detected with
bandwidths around 13 MHz. As can be seen from both cases, the
center frequencies of the bands are about the same for the mea-
surements done in free space and for the measurement, where
the antennas were placed directly on top of a 46x46 cm? metal
plate. The results indicate very good tolerance to platform. The
gain levels are higher for the results on metal as expected be-
cause of the increased directivity.
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Fig. 10. Measured gain including mismatch of the 867/940 MHz antenna.

TABLE I
RADIATION CHARACTERISTICS

867 MHz 915 MHz 940 MHz
Dy, [dB] 23 2.7 2.8
Neff, sim 0.36 0.32 0.31
Giim [dB] 2.1 22 23
Glimes [dB] 2.2 2.9 22
TABLE II

CALCULATED AND MEASURED READ-RANGES

867 MHz 869 MHz 915 MHz
Teal, free space [M] 9.7 4.3 9.3
Times, free space [M] 7.0 35 N/A
Teal, metal [M] 13.7 6.8 13.2
T'mes, metal [M] 10.9 5.6 N/A

The radiation characteristics of the antennas in free space are
presented in Table 1. The values are about the same for both
antennas at 867 MHz. According to the simulation results, the
directivity and radiation efficiency are low. Simulated and mea-
sured gain values correspond well, even though these parame-
ters are not fully comparable, since impedance mismatch is in-
cluded in the measurement results.

The calculated and measured read-ranges of the developed
antennas are presented in Table II. The calculated read-ranges
at 867 MHz (ETSI2 W ERP), 869 MHz (ETSI 0.5 W ERP), and
915 MHz (FCC 4 W EIRP) are based on measured gain values
G and calculation on (1). The read-range measurements were
conducted with a Deister UDL 500 reader device at the entrance
hall of a block of offices. In other words, the measured values
correspond to a reliable and reproducible maximum reading dis-
tance in a real application environment. The measurements were
conducted only with the two European bands, since frequency
allocation issues prevented the measurements in the 915 MHz
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band. As expected, the measured ranges are shorter than the cal-
culated ones because of multipath propagation.

V. CONCLUSIONS

In this paper, a dual-band platform-tolerant single element
PIFA structure has been introduced. Platform tolerance of the
structure is achieved by utilizing dominating horizontal current
distribution. The dual-band operation at frequencies related to
RFID is achieved by exploiting the particular impedance level
typical to RFID microchips. The tunable feed inductance and
the series capacitance at the radiating edge of the patch play the
key roles in the dual-band operation. Simulations and measure-
ments are presented for two example antennas, showing good
correlation. Also, the presence of metal is demonstrated not to
have any significant effect on antenna matching performance.
Thus, the structure is expected to be useful in many different
RFID applications and on several continents.
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