> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

A Hybrid UHF RFID Tag Robust to Host
Material

Abed Pour Sohrab, Student Member, IEEE, Yi Huang, Senior member, IEEE, Muaad Hussein, Student
Member, IEEE, Manoj Stanley, Student Member, IEEE, and Paul Carter

Abstract—A novel hybrid UHF RFID tag is proposed in this
paper. Most of the available UHF RFID tags are either label-type
dipole or patch antennas which are designed for non-metallic and
metallic objects, respectively. The label-type dipoles are not
functional on metallic objects and patch antennas are not
efficient on non-metallic objects in terms of read range and
radiation pattern. The proposed hybrid tag offers the advantage
of both dipole type and patch antenna depending on the object it
is placed on. This dual port tag is capable of working in two
different modes in off-metal and on-metal scenarios. In off-metal
mode, the tag works as a dipole antenna designed on an FR-4
substrate with 3.2 mm thickness. The wide capacitive loaded
dipole arms and optimum tuned impedance matching between
the chip and the antenna increase the robustness in off-metal
mode. The role of critical parts of the tag in impedance matching
is investigated on Smith chart. The result of this study suggests a
straightforward technic for fine tuning of any type of dipole tag.
The metallic surface of the host material acts as the ground plane
in on-metal mode and the tag transforms into a short-ended
quarter wavelength patch antenna. The resonant frequency in
this mode can be tuned using the slots designed at the edge of the
patch. The measurement result confirms an outstanding read
range on different materials.

Index Terms— Equivalent circuits, impedance matching, radio
frequency identification (RFID), RFID tag antennas, Smith chart.

I. INTRODUCTION

ASSIVE radio frequency identification (RFID) tags
working in ultra-high frequency (UHF) band (840-960
MHz) offer an outstanding read range and high rate of data
capacity stored in the RFID chip. The development of this
technology in recent years has been not only introduced as a
principal solution for object tracking applications but also
made it a key component in different applications like parking
management systems, wireless sensors, and indoor navigation
systems [1], [2].
According to the diversity of the application, the RFID tags
need to be attached on different objects which include
materials with high dielectric constant and also metallic
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objects. UHF RFID tags can be categorized into two different
groups: label-type and substrate based tags. Label-type tags
are usually used for tagging non-metallic objects [3]-[6]. A
common problem of this type of tags is detuning effect and it
happens when the dielectric properties of the host material
affects the frequency response of the tag antenna [7].
Reducing the quality factor and increasing the bandwidth is a
practiced solution to improve the robustness of the tag. This
can be done either by having thicker elements in the body of
the tag or adding capacitive loads to the tip of the dipole tag
[7]-[9]. The label-type dipole tags are not suitable for tagging
metallic objects [10]. Substrate based antennas employing a
ground plane are usually used for this purpose. The ground
plane and metallic surface of the host material increases the
directivity and gain of the antenna [8]. Different types of patch
antenna are proposed in literature. In some designs the patch is
connected to the ground by folding the edge or using vias
[11]-[14]. Connection to the ground plane is eliminated by
using a slot patch in [15] or applying a decoupling
intermediate layer between the patch and ground plane in [16].
Planar inverted-F antenna (PIFA) tag design is another
solution for metallic objects [17]. Tag designs are supported
by artificial ground plane made by periodic structures in [18],
[19]. Cavity backed patch tag design is proposed in [20]. In
some designs there is no ground plane and the body of the
metallic object acts as a ground plane when the tag is placed
on it. The design might be able to work on non-metallic
objects but the performance is limited compared to
conventional label-type tags [21], [22]. More work was
reviewed in [2].

The stability in performance and optimum reading range on
different materials are two important factors in tagging
objects. The challenge is to have a single design which can
fulfill these requirements. The label-type dipole tag offers a
desirable omnidirectional radiation pattern perpendicular to
the dipole axis but it is not functional on metallic bodies. On
the other hand the tags with a ground plane offer outstanding
read range on metallic bodies but lower read range on non-
metallic objects. In addition, directive radiation pattern is not
desirable for tagging non-metallic materials. Therefore, none
of the reviewed tags are efficient on all materials.

The target of this study is to suggest a tag design that shows
the advantages of both mentioned groups: Omnidirectional
radiation pattern on non-metallic objects and improved
directive gain on metallic host materials with acceptable read
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Fig. 1. Structure of the proposed design. a=11.5, b =32, ¢ =2, and d=9. All
the values are in millimeters.
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Fig. 2. Equivalent circuit of the proposed tag design working in off-metal
mode.
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range in both cases. A novel hybrid UHF RFID tag is
proposed in this paper which works in two different modes. In
one mode the tag works as a dipole antenna on non-metallic
objects and in the other mode it works as a short ended quarter
wavelength patch antenna on metallic objects. The design
analysis in two different modes is presented in next section
followed by the fabrication and measurement results.

II. TAG DESIGN ANALYSIS

The structure of the proposed design is depicted in Fig. 1. A
Monza 4 Dura RFID chip is used in the design. This chip has a
dual port input which is basically provided for dual polarized
symmetric tag designs for having a uniform radiation pattern
[23]. However the chip can be used for other purposes as the
two ports are working independently. For example, a dual
band design is proposed using this chip in [24]. In
conventional antenna designs, the antenna port is usually
matched to 50 Q; but in passive RFID tag designs, the antenna
needs to be conjugate matched to the complex input
impedance of the RFID chip [3]. According to internal
capacitive components for saving power, RFID chips have
capacitive input impedance which demands antenna design
with inductive input impedance. The complex input
impedance of Monza 4 is Zep, = 13-j151 at 866 MHz. Thus
the input impedance of the antenna should be Z,,; = 13+j151
for perfect matching. As mentioned earlier, the tag works in
two different modes. Each port of the chip is activated in one
mode. We analyze these two modes in the following
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Fig. 3. Optimum frequency response of the tag in off-metal mode. The
Smith chart is normalized to 1.8 kQ.
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subsections.

A. Off-metal Mode

The horizontal port of the chip is activated in this mode.
This port is in the direction of Y axis shown in Fig. 1. The
antenna is comprised of a dipole which is matched to the chip
using an inductive loop [5]. The equivalent circuit of the tag in
off-metal mode is also shown in Fig. 2. This circuit is used for
most dipole based tag designs [8]. Perfect impedance
matching between the chip and antenna is necessary for
achieving the maximum reading range [2]. Although it is
feasible to analyze the equivalent circuit using simulation
software and translate the different parts of the physical
structure to the circuit elements using approximate equations
but a fine tuning of the dimensions is required at the end to
have a perfect impedance matching [25]. In this section, we
analyze different parts of the antenna and its effect on the
impedance matching. The result of this study can be
generalized as a straightforward technic for fine tuning of any
type of dipole based UHF RFID tag. The input impedance of
Monza 4 is equivalent to 1.8 kQ resistance in parallel to 1.21
pF capacitance as depicted in Fig. 2. The position of the
desired input impedance of the tag antenna for having a
conjugate match (Z.,, = 13+j151) would be close to the rim of
the Smith chart normalized to 50 Q [13], [17]. Studying the
impedance matching is not easy at this point. It is better to
normalize the Smith chart to Z,,, for having the match point at
the center of the chart. Some simulation tools are not capable
of normalizing the Smith chart to a complex load. The
suggested solution by authors is to assume the capacitance of
the chip as part of the antenna and consider the matching
between the 1.8 kQ resistor and the rest of the circuit as
illustrated in Fig. 2. The Smith chart should be normalized to
1.8 kQ in this method. The frequency response of the tuned
design is shown in Fig. 3. The notch on the plot close to the
center of Smith chart represents the existence of two
resonances which are created by the series RLC combination
in dipole arm and the parallel RLC combination of the chip
and inductive matching loop [25].

The tag structure of Fig. 1 is divided into different critical
parts distinguished by numbers and the -corresponding
elements in the equivalent circuit are illustrated in Fig. 2. We
analyze the effect of altering each part of the design on
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Fig. 4. Reducing the length of part (1) in Fig. 1 and its effect on the
frequency response in Smith chart.
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Fig. 5. Reducing the length of part (2) in Fig. 1 and its effect on the
frequency response in Smith chart.

impedance matching. The effect of reducing the length of the
matching loop in part one, which is equivalent to reducing the
inductance L., is investigated in Fig. 4. As can be seen, the
total plot moves in a counter-clockwise direction which shifts
the higher frequencies to the center of the chart.

Reducing the length of the slot in the second part of the
antenna is mainly equivalent to reducing the inductance L, in
the circuit. The consequence of this change is moving the
notch on the plot towards higher frequencies in a clockwise
direction as shown in Fig. 5. The effect of reducing the
capacitance C,y, which is equal to reducing the area of the
dipole, is almost similar to the plot of Fig. 5.

The third part of the antenna is equivalent to inductance Lg.
Reducing the thickness of this part causes an increase in the
value of inductance. This transforms the notch on the plot to a
loop as depicted in Fig. 6. The diameter of this loop can be

Fig. 6. Reducing the width of part (3) in Fig. 1 and its effect on the frequency
response in Smith chart.
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Fig. 7. Radiation pattern of the tag in free space working in off-metal mode.

further increased by increasing the value of inductance. The
bandwidth of the frequency response can be controlled by this
part. According to the application and working frequency of
the tag, the optimum frequency response is not always
achieved by having a plot passing through the center of the
Smith chart but the detuning effect of the background
materials should also be considered as well. The radiation
resistance R, is mainly affected by the length of the dipole
[8]. The effect of increasing the value of this element is almost
similar to the plot of Fig. 6 which can be another way for
controlling the bandwidth.

One of the advantages of the proposed tag is that there is no
ground plane in the back of the substrate in off-metal mode.
Thus, the radiation pattern is uniform around the axis of the
dipole as shown in Fig. 7. This makes the tag readable from
different angles.
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Fig. 8. Surface currents of the des1gn workmg in on-metal mode.
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Fig. 9. Equivalent circuit model of the tag working in on-metal mode.

B. On-metal Mode

The vertical port of Monza 4 is activated in on-metal mode.
This port is in the direction of X axis as shown in Fig. 1. The
metallic surface of the host material acts as the ground plane
and the tag transforms from a dipole to a patch antenna. The
relative dielectric constant of the FR-4 substrate is around 4.3.
This increases the electrical length of the patch antenna.
According to the following equation:

Q)

the wavelength in the X axis direction of the patch (1) is
shorter than the wavelength in free space (4p). The length of
the patch antenna shown in Fig. 1 is 41 mm which is roughly
equal to quarter wavelength at 866 MHz. The patch antenna is
shorted to the ground using the conductive walls located at the
lower edge of the design shown in the bottom of Fig. 1. This
short circuit is seen as an open circuit from the location of the
chip as the patch behaves like a quarter wavelength
transformer. The surface currents on the patch start from a low
level at the location of the chip and reach a maximum after
passing the quarter wavelength path as shown in Fig. 8. The
high currents guarantee acceptable radiation efficiency despite
the small thickness of the tag. The currents at the location of
the chip are lower and the voltage between the patch and the
ground is higher. This condition provides appropriate input
impedance for matching with the chip [8]. One side of the chip
port is connected to the patch whereas the other side needs to
be connected to the ground. This is done using the metallic
strip located at the upper edge of the design depicted in the top
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Fig. 10. Frequency response of the tuned tag working in on-metal mode and
the effect of increasing the length of the slot in part (4) of Fig. 1; Coupling
between two ports of the chip.

of Fig. 1. The excited electric field at this edge is the source of
radiation in this antenna.

The equivalent circuit of the tag working in on-metal mode
is shown in Fig. 9. Similar to the off-metal mode, a conjugate
impedance matching to the chip is required here. The input
impedance of the patch is mainly dependent on the position of
the chip port along X axis, the width of the patch along Y axis,
and the slot in part (2) of the design shown in Fig. 1. However,
all these parameters also affect the matching in off-metal
mode. A practical approach for the designer is to tune the tag
simultaneously at both modes using the analysis results.

The tuned frequency response of the tag is illustrated in Fig.
10. Although the bandwidth of the tag in this mode is less than
the off-metal mode but it is sufficient for running the chip at
866 MHz. The mutual coupling between the two ports is an
undesirable factor that should be kept as low as possible. High
degree of coupling causes a loss in the induced power which
affects the performance. Symmetry of the design in Y axis
direction helps to limit the coupling effect. The surface
currents shown in Fig. 8 are in symmetry according to the
horizontal port of the chip. This induces the same voltage at
both sides of the horizontal port and reduces the coupling
effect consequently. The level of coupling between two ports
is also plotted in Fig 10. The slot located at part (4) of the
design in Fig. 1 can be used for fine tuning of the tag in on-
metal mode. The frequency response of the tag can be shifted
by changing the length of this slot as shown in Fig. 10.
Increasing the length of this slot makes the surface currents to
pass through a longer path which reduces the resonant
frequency. This change does not have a significant effect on
the frequency response of the tag in off-metal mode because
the slot is located at the tip of the dipole where the currents are
small at that mode.

The gain of the tag is dependent on the size of the metallic
host material. The directivity of the design can reach up to
6.19 dBi by placing it on a 20 cm % 20 cm metallic plate as
shown in Fig. 11.

III. FABRICATION AND MEASUREMENT RESULTS

The proposed design of Fig. 1 is etched on an FR-4
substrate and Monza 4 Dura is soldered to the two input ports
of the tag as shown in Fig. 12. The theoretical read range of
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Fig. 11. Radiation pattern of the tag on a 20 cm x 20 cm metallic plate.

Fig. 12. Prototype of the proposed design and measurement setup in
anechoic chamber.

the tag can be predicted using Friis formula:

d, = | X Du FIRE @)
Can B,

where, 1 is the wavelength of the carrier tone; y is the mutual
polarization power efficiency between the tag and reader
antenna; 7 is the antenna-chip power transfer efficiency; ey g
is the radiation efficiency of the tag antenna; Dy, is the tag
antenna directivity; EIRP is the equivalent isotropic radiated
power of the reader; and P, is the wakeup power of the tag
chip [2]. However, the calculated reading range using this
formula is not always accurate due to different errors in design
simulation, fabrication and testing process. A practical
approach for finding the maximum read range with maximum
regulated E/RP is to measure the read range with a smaller
EIRP first and find the maximum read range using:

d=d . |FREw 3)

max ref I
EIRP,,

TABLEI
READING RANGE OF THE TAG IN CENTIMETERS

Material EIRP=0.63 W EIRP=4 W
Free space 270 680
Aluminum plate 150 378
Wood 192 484
Ceramic 155 391
Glass 115 290

where du.x is the maximum possible tag read range, d,.s is the
reference read range measured in the lab, E/RP,.x represents
the maximum regulated E/RP which is 4 Watts in most
regions, and EIRP,.ris for the equipment used to measure the
reference read range in the lab. For example, a Nordic ID
PL3000 UHF RFID reader which is a handheld device with
630 mW EIRP is used in our tests in an anechoic chamber as
illustrated in Fig. 12. The reference measured read range of
the tag placed on a 20 cm % 20 cm aluminum plate is 111 cm.
Thus, the maximum read range would be 280 cm using (3).

The performance of the tag in off-metal mode is also
measured using the same method and equipment on a different
range of materials. The results are tabulated in Table I. The tag
shows robustness to challenging materials. This means a
limited detuning effect and can be referred to following
reasons:

e The frequency response of the tag is optimally tuned
and there is a perfect impedance matching between
the chip and antenna.

e The FR-4 substrate prevents the dipole from close
contact to the host material and limits its effect on
the dipole characteristics.

e The capacitive loaded wide dipole arms increase the
bandwidth and robustness of the tag to high
dielectric materials.

As mentioned earlier, the metallic surface of host material
works as the ground plane in on-metal performance. Thus, for
metalic materials with non-flat surface the read range might be
degraded. In this case, a metallic sticker foil can be attached to
the back of the design as a ground plane.

IV. CONCLUSION

It was shown in this paper that the proposed hybrid UHF
RFID tag uniquely offers the omnidirectional radiation pattern
of a dipole on non-metallic objects and directive pattern of a
patch antenna on metallic objects which makes it capable of
working efficiently on a wide range of materials. Single port
designs which can run the conventional RFID chips might be
considered as extension of the proposed design in future.
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