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Abstract—An overview of design requirements and novel
approaches for improved performance UHF radio frequency
identification (RFID) tags is presented. Two matching techniques,
an inductively coupled structure and a serial stub structure are
discussed. Different miniaturized antenna topologies are pro-
posed, focusing on low-profile, high efficiency and high directivity
in very compact (less than 3 in X 3 in) configurations.

Index Terms—Inductively coupled matching, low-profile an-
tennas, printed-antennas, RFID, serial stub matching, UHF.

I. INTRODUCTION

HE demand for flexible RFID tags has recently increased
T tremendously due to the requirements of automatic iden-
tification in various areas, such as item-level tracking, access
control, electronic toll collection and vehicle security [1]. Com-
pared with the lower frequency tags (LF and HF bands) al-
ready suffering from limited read range (1-2 feet), RFID tags
in UHF band see the widest use due to their higher read range
(over 10 feet) and higher data transfer rate [2]. Three major
challenges exist in today’s RFID technologies that could po-
tentially impede their practical implementation. One is the de-
sign of small-size tag antennas with very high efficiency and
effective impedance matching for IC chips with typically high
capacitive reactance [3]. These antenna requirements are essen-
tial to optimize the RFID system power-performance, especially
for passive or semi-active configurations, where the only energy
source is the incoming reader energy. Another major challenge
is the realization of ultra-low-cost RFID tags, with a cost re-
quirement for individual tags below one cent [4]. The third ob-
stacle is the existence of various different UHF frequency bands
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Fig. 1. Block diagram of a passive RFID tag.

ranging from 860 to 950 MHz for Europe (866 — 868 MHz),
Asia (864 — 964 MHz) and US (902 — 928 MHz). The uni-
versal operation of the RFID’s necessitates the use of wideband
antennas covering all three bands.

In this paper, various novel approaches in adaptive impedance
matching, radiation efficiency, and miniaturization method are
proposed. These approaches are supplemented with modeling,
simulation, and measurement results.

II. SERIAL STUB FEED STRUCTURE

A. Design

A major challenge in RFID antenna design is the impedance
matching of the antenna (ZanT) to that of the IC (Zic). For
years, antennas have been designed primarily to match either 50
Q or 75  loads. However, RFID chips primarily exhibit com-
plex input impedance, making matching extremely challenging.
Among other challenges are: compact antenna size, low cost,
omni-coverage (omnidirectional antenna pattern), long read
range, and wide bandwidth. Most available commercial RFID
tags are passive due to cost and fabrication requirements. A
block diagram of a passive RFID tag is shown in the Fig. 1
below. The antenna matching network must provide the max-
imum power delivered to the IC which is used to store the data
that is transmitted to/received from the reader.

In this design approach, a very compact configuration (in an
area less than 3 in X 3 in) of a (\/2) dipole antenna was de-
veloped, where A is the free space wavelength. The (A/2) an-
tenna design is favorable for its quasi- omnidirectional radiation
pattern; a fundamental requirement for RFID’s to allow for the
communication between the RFID tags and the RFID reader, in-
dependent of the orientation of the tags. The step by step design
is illustrated in the figures below. Fig. 2(a) shows the main radi-
ating element which if stretched from one end to the other cor-
responds to a length of ~16 cm (which is A/2 around the center
frequency 935 MHz in air). The tapering of the antenna was
chosen for maximum current flow (hence optimum efficiency)
and to achieve a high bandwidth. The \/2 antenna was folded
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Fig. 2. Step by step antenna design showing: (a) radiating body, (b) radiating
body plus double inductive stub , (c) final antenna structure with the resistive
stub.
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Fig. 3. RFID antenna structure showing stubs.

as shown in Fig. 2 at a distance (~ 0.16) not to cause any sig-
nificant current perturbation (keeping maximum radiation effi-
ciency), while making the design more compact. Without loss
of generality, in this design the overall matching network is de-
signed to conjugately match an RFID chip with a high capac-
itive impedance of Zic = 73 — j113 Q. Fig. 2 also shows the
step by step procedure used in the design. To satisfy the con-
formality RFID requirements, the proposed antenna was fabri-
cated on flexible 4-mil Liquid Crystal Polymer (LCP) that is an
organic material which has a dielectric constant €, of ~3.10 and
a loss tangent (tan &) of 0.0019 [5].

The IC used for this design has four ports; two input ports
namely RF1 and RF2 which may be connected to a single or
dual antenna configuration, one ground port (V) to connect to
the second arm of the antenna (for example in the dipole-based
design of this paper) and an open port (V4q) to measure or
drive the bias voltage of the IC when conducting measurements.
The two input ports are identical and can be used either for
single or dual antenna topologies. For single antenna structures
RF2 and Vg ports are shorted. The resistive shorting stub and
the double inductive stub as illustrated in Fig. 3 constitute the
overall matching network. The resistive stub is used to tune the
resistance of the antenna to match that of the IC. In this de-
sign the size and shape (thin long loop shaped line) of the re-
sistive stub were designed to have an optimum match to Zi¢c =
73 — j113 Q. The double inductive stub is composed of two in-
ductive stubs to provide symmetry on both sides of the antenna.
The double inductive stub also serves as the reactive tuning el-
ement of the antenna.

The feeding point of the antenna is at the bottom part of the
double inductive stub where an IC would be surface mounted.
Fig. 3 illustrates the final structure.
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Fig. 4. Simulated input impedance of the S-shaped antenna.

The stubs were designed to have a center frequency fy at
895 MHz with a bandwidth of 70 MHz operating from 860 —
930 MHz (European and U.S. frequencies). A wide frequency
sweep has also been performed up to 5 GHz where no parasitic
radiation has been observed for this antenna. Those variables
can be fine tuned to optimize the antenna characteristics on the
RFID tag at any frequency and matched to any IC impedance.

The structure was simulated and optimized in the system level
design tool HFSS. The input impedance of the simulated an-
tenna design is shown in Fig. 4. As it can be observed the RFID
UHF band (860 — 930 MHz) is outside the antenna self-reso-
nance peak, resulting in a more flat impedance response against
frequency. This yields to a bandwidth of ~8% which is pre-
dominantly realized by the finite slope of the reactance of the
antenna in the frequency of interest.

The simulated impedance at the center frequency
fo = 895 MHz is 57.46 + j112.1 which results in an Si;
< —18 dB. This antenna has a bandwidth of ~8% (70 MHz)
where the bandwidth is defined by a voltage standing wave
ratio (VSWR) of 2 (alternatively a S;; of —9.6 dB) as shown
under the measurement section (Fig. 12). The tapering of this
S-shaped antenna along with the matching techniques (resistive
and inductive stubs) allow for the first-ever 3 in x 3 in RFID
antenna with such a high bandwidth (~8%).

The reflection coefficient or S1; of this antenna was calcu-
lated based on the power S11 which takes into account the ca-
pacitance of the IC [6]

2

152 = ‘M
Z1c — ZANT

Z1c represents the impedance of the IC and Z o N represents
the impedance of the antenna with 77 - being its conjugate.

The simulated radiation pattern and radiation efficiency
were numerically computed in HFSS by introducing an RLC
boundary along with the port impedance that simulates the
behavior of the IC (with its complex impedance feed). In Fig. 5
the 2-D radiation plot is shown for the phi = 0° and phi = 90°
(as defined in Fig. 2) where an omnidirectional pattern is
realized. The radiation pattern throughout the bandwidth of
the antenna has also shown to have an omnidirectional pattern
similar to that of a classic (\/2) dipole antenna.
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Fig. 6. S1: for the exact structure and for the equivalent circuit model.

A directivity of 2.10 dBi is achieved with a radiation ef-
ficiency of 97%. The omnidirectional radiation is one of the
most fundamental requirements for RFID’s to allow for their
reading/writing operation independent of the orientation of their
antenna with respect to the reader. Preliminary experimental re-
sults have verified the shape of Fig. 5 theoretical ones.

B. UHF RFID Antenna Modeling

In order to obtain a thorough understanding of the power re-
flection caused by any mismatch at the terminals of the feed
structure of the antenna, a wideband equivalent circuit model
has been developed. This model serves as a benchmark for the
design of an RFID antenna to theoretically match any Z;c for
maximum power flow resulting in optimum antenna efficiency
and an excellent read range.

Based on a physical approach, an equivalent lumped element
circuit model was derived. The system level design and simula-
tion tool advanced design system (ADS) was used to simulate
the behavior of the circuit model (S1; parameter) and resulted
in a negligible error function (< 107%). Fig. 6 below shows
the agreement between the lumped element circuit S parame-
ters with that of the structure (from the full wave simulator).
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Fig. 7. Cross-sectional detail showing equivalent lumped element model of
RFID antenna shown in Fig. 2(a) and (b).
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Fig. 8. Equivalent circuit model of RFID antenna shown in Fig. 2(a) and (b).

Fig. 7 shows the detailed equivalent circuit of the radiating
body only. Each arm of the radiating body consists of a resistor
in series with an inductor, the combination of which models the
metal effects. A capacitor in series with a resistor, which are lo-
cated in parallel with the previous combination of Lg and R
model the substrate effects. Finally, the capacitive coupling or
E-Field coupling between the two arms of the S-shaped antenna
is modeled by the top and bottom capacitors (for air and di-
electric capacitive coupling respectively). This lumped element
model covers a frequency range 700 — 1100 MHz as shown in
Fig. 6 above.

The circuit configuration in Fig. 7 can be simplified to the one
shown in Fig. 8 by using symmetry and direct circuit analysis.

Since the double inductive stub is connected in series with the
radiating body (the antenna is now fed in the center of the double
inductive stub), the equivalent circuit model of the second stage
design (radiating body plus inductive stub) as shown in Fig. 2
has the same circuit elements configuration as the one in Fig. §,
with change in values only. The final stage of the design has
the circuit model configuration shown in Fig. 9. Due to the con-
figuration of the resistive shorting stub (connected in parallel
with the radiating body plus inductive stub), the components:
Rs2, Ls2, Rp2, Cpo are introduced as shown in Fig. 8 below and
model the same effects as those discussed previously for radi-
ating body circuit model (Fig. 8).

The equivalent circuit shows how stubs can be used to tune
the impedance in order to match to any IC. Parametric sweeps
can be used along different stubs structures (for example loops
structures can be used for adding series inductance or parallel
capacitance). The resistance of the antenna is mainly determined
by the radiating body and can be tuned by the two stubs as shown
above. This model also helps to determine the amount of loss
(as parallel resistance and capacitance) due to the substrate loss
which helps in understanding radiation efficiency as a function
of the substrate.
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Fig. 9. Equivalent circuit for antenna structure shown in Fig. 2(c).

Fig. 10. Photograph of the probe plus S-shaped antenna.

C. Measurements

In order to accurately measure the input impedance of the
RFID antennas, numerous problems should be taken into con-
sideration. First of all, a traditional probe station was not suit-
able for our tests due to the undesired shorting effect of the
metallic chuck, which was behaving as a spurious ground plane
for the dipole antennas. To tackle the problem, a custom-made
probe station using wood and high density polystyrene foam
was built. This type of foam was selected due to its low dielectric
constant (1.06) [7] resembling that of the free space. A photo-
graph of the probe measurement setup is shown in Fig. 10. A
5 - A/2-thick foam station was designed in order to ensure min-
imum backside reflections of the antenna.

It was also taken into account the fact that the antennas
were balanced structures and a typical GS probe connected to
a regular coaxial cable would provide an unbalanced signal.
To prevent a current difference between the dipole arms, a A/4
balun with an operational bandwidth of 840 — 930 MHz (which
covers the band of interest for this design) was used. After all
the above mentioned precautions were taken and minding about
the calibration process, S parameters were measured with an
Agilent 8510C S parameter receiver and transformed to Zix or
ZANT-

Fig. 11 and Fig. 12 show a very good agreement between the
simulated results and the measurements for the antenna input
impedance and Sq; parameter respectively. The demonstrated
antenna bandwidth allows for a universal operation of the
proposed UHF RFIDs (Worldwide frequency coverage except
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Fig. 11. Measured and simulated data of input impedance: (a) Resistance and
(b) reactance.
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Fig. 12. Sy for measured and simulated data.

Japan and some Asian countries that operate at a frequency of
950 MHz and higher).

D. Effect on Antenna Parameters When Placed on Common
Packaging Materials: Papers and Plastics

In order to fully investigate the effect of the surroundings on
the antenna parameters, such as the resonance, bandwidth, and
radiation, the s-shaped antenna was simulated for three prac-
tical configurations: on a 4 mm thick common plastic mate-
rial [PET-Polyethylene terephthalate (¢, = 2.25 and tané =
0.001)], on 4 mm thick paper (¢, = 3.28 and tan ¢ = 0.006
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Fig. 14. Sy for 4 mm thick paper and PET substrates with modified antenna
dimensions.

[8]) substrate as well in an embedded structure with 0.5 mm
thick paper superstrate on a 4 mm paper substrate. Fig. 13 shows
the Reflection coefficient or S1; results for the polyethylene and
paper substrates. As seen in the figure, a shift in resonance fre-
quency occurs (95 MHz for paper and 60 MHz for PET from
the original antenna with center frequency 895 MHz on LCP
substrate). This observation can be easily corrected by scaling
down the x-y dimensions of the antenna. In the paper case the
antenna was scaled down by 87% while the antenna on PET by
a factor of 92% and the new Si; results as shown in Fig. 14
were obtained. As seen in the figure, the detuning of the reso-
nance can be easily performed by scaling the whole structure.
For example, when placed on paper substrate, detuning becomes
necessary if the thickness exceeds 1.5 mm.

As for the most common case where these RFID tags are
placed on cardboard boxes; the dielectric properties of card-
board do not impede antenna characteristics due to its low di-
electric constant (close to 1 and low loss properties [9]. How-
ever, the effect of the enclosed materials and the distance of the
RFID tag from the arbitrarily placed enclosed contents play a
more important role than the size and thickness of the cardboard.
An alternative way to increase the bandwidth of the antenna in
order to compensate for the material/fabrication variations is the
use of a more broadband matching section, potentially intro-
ducing an additional stub-line.

270
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Fig. 15. Radiation pattern of the gain of the s-shaped antenna on paper, and
LCP substrates.

In order to analyze the effect of the radiation pattern of these
materials, the gain for the s-shaped antenna has been plotted
in Fig. 15 for the LCP and paper substrates. The worst case
scenario observed for gain loss was 1.049 dB (on 4 mm paper)
for the E-plane or ¢ = 0 degrees plane in comparison with
2.095 dB (on 18 um LCP).

III. INDUCTIVELY-COUPLED FEED STRUCTURE

In the serial stub feed structure, the dimensions of the resistive
shorting stub and the double inductive stub are comparable with
the main radiating body. These stubs limit the miniaturization of
the antenna size as a tradeoff for the enhanced bandwidth. For
an ultra-compact RFID antenna design, a matching technique
without any stubs is highly preferred. An inductively-coupled
feed structure, similar to the one shown in Fig. 16, is such an ef-
fective way for impedance matching. The antenna consists of a
feed loop with two terminals and a radiating body. The two ter-
minals of the loop are connected to the IC, and the feed “com-
municates” with the antenna body through mutual coupling.

The inductively-coupled structure can be modeled as a trans-
former. Fig. 17 depicts the equivalent lumped element model,
where R, and Rioop are the individual resistances of the ra-
diating body and the feed loop. M is the mutual inductance and
Lioop is the self-inductance of the feed loop. R, and C,, are rep-
resenting the substrate effects.

Compared with the serial stub feed structure in which off-res-
onance operation is preferred for better resistance/reactance sta-
bility, the inductively-coupled structure is designed at the reso-
nant frequency. This is because at the resonant frequency fj,
assuming that the substrate effect is minimal, the components
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Feed loop

Fig. 16. Inductively coupled feed antenna fabricated on LCP substrate.
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Fig. 17. Lumped element model for inductively coupled feeding RFID.

of antenna input resistance R,;,, and reactance X,;,, can be pre-
dicted as

2m foM)?
Rzin = M + Rloop (1)
Rrb
Xzin - 2’]-rfol/loop- (2)

Thus, at the resonant frequency, the resistance is mainly con-
trolled by M and Ry, and the reactance is dependent only upon
Lioop [3]. In this way, the antenna input resistance and input re-
actance can be adjusted independently. Therefore, inductively
coupled feeding structures present one of the theoretical op-
timum solutions to effectively match an antenna to arbitrary chip
impedances, especially for RFID IC’s with significant imagi-
nary part.

An ultra-compact inductively-coupled feed antenna was
designed in an area less than 1.7 in x 1.4 in, as illustrated
in Fig. 12. The substrate was a flexible 4 mil LCP that has a
dielectric constant &, of ~3.10 and a loss tangent (tané) of
0.0019. Since the inductively-coupled feed structure is designed
at the resonant frequency, the impedance response is sharper
than the one in the serial stub structure, resulting in a nar-
rower bandwidth. Therefore, the inductively-coupled antenna
is more applicable to operate at specific bands. In this case,
the antenna was designed to cover the European RFID band,
ranging from 865-868 MHz. The target RFID chip impedance
was 73 — j113 €. It has to be noted that the performance of
this design is quite insensitive to fabrication tolerances and
variations.
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The lumped element values of the equivalent circuit were op-
timized by ADS simulation software, including the substrate ef-
fects [10]. It can be seen that the model data and the full wave
simulated impedance data demonstrate a very good agreement,
as shown in Fig. 18.
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Fig. 21. 2D far-field radiation plot.

The measured and simulated input impedances of the an-
tenna in the interested band are illustrated in Fig. 19 with a very
good agreement. At 866 MHz, a measured input impedance of
60.8 + j102.5 € is achieved, resulting in a —30 dB reflection
coefficient at that frequency. The S1; results below —10 dB ex-
tends from 858 MHz to 869 MHz, covering the whole European
UHF band which extends from 865-868 MHz and accounting
for most fabrication variations, as shown in Fig. 20.

Since the radiating body is basically a A/2 dipole, the radi-
ation pattern looks similar to the one of a dipole, as shown in
Fig. 21. A directivity of 1.99 dBi is achieved with 90% radia-
tion efficiency.

IV. CONCLUSION

This paper presents an overview of design requirements and
novel approaches for improved performance UHF radio fre-
quency identification (RFID) tags. Two matching techniques, an
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inductively coupled structure and a serial stub structure are dis-
cussed for the effective power transfer to/from the commonly
used highly-capacitive IC’s. Guidelines have been given for the
design on common substrates and for any IC impedance by
modifying the scale and the stubs respectively.

The serial stub matching method is highly preferable for
multiband/multistandard RFIDs, while the inductively cou-
pled matching method leads to ultra-miniaturized sizes (e.g.,
for healthcare applications). In addition, two approaches for
antenna folding for optimum current flow and high radiation
efficiencies (>90%) are also discussed. It has to be emphasized
that both proposed antenna designs are quite insensitive to fab-
rication variations and offer maximized readability and range.
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