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surface, opposed end surtaces, and opposed lateral surfaces,
a passive RFID integrated circuit (IC) chip mounted to the
top surface of the substrate, a monopole antenna that
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RFID IC chip along the top surface of the substrate and a
matching loop having two grounded matching stubs that
surround the chip and a portion of the radiating arm, and a
ground plane formed on the bottom surface, an end surface,
and the top surface of the substrate, the ground plane being
clectrically coupled to the matching stubs and the radiating
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RFID TAGS FOR ON- AND OFF-METAL
APPLICATIONS

BACKGROUND

Radio-frequency identification (RFID) applications con-
tinue to increase 1 number and new uses of the technology
have prompted mmnovative tag designs. Achieving smaller
tag footprints 1s of particular importance, motivating the
development of three-dimensional designs that make more
eflicient use of the antenna volume. However, most com-
mercial tag designs are optimized eirther for on-metal or
ofl-metal conditions, and their performance 1s greatly dimin-
ished when the surrounding environment differs from the
intended one. For example, dipole antennas can be used for
ofl-metal systems, but often fail to operate properly when
mounted horizontally over or near metallic objects. Patch
antennas and folded dipoles, on the other hand, have been
implemented for on-metal systems, but generally have a low
ofl-metal read range.

From the above discussion, it can be appreciated that it
would be desirable to have an RFID tag, and a tag antenna,
that can be used 1n both on- and off-metal applications.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure may be better understood with
reference to the {following figures. Matching reference
numerals designate corresponding parts throughout the fig-
ures, which are not necessarily drawn to scale.

FIG. 1A 1s a perspective view of a first embodiment of a
radio frequency identification (RFID) tag.

FIG. 1B 1s a side view of the tag of FIG. 1A.

FIG. 2 1s a perspective view of a second embodiment of
an RFID tag.

FIG. 3 1s a perspective view of a third embodiment of an
RFID tag.

FIG. 4A 1s a perspective view of a fourth embodiment of
an RFID tag.

FIG. 4B 1s a top view of the tag of FIG. 4A.

FIG. 5 1s a graph that plots simulated reflection coeflicient
for the tag designs of FIGS. 1-4.

FIG. 6A 1s a perspective view of an RFID tag having a
meshed ground plane.

FIG. 6B 1s a graph that plots simulated reflection coetli-
cient for the tag design of FIG. 6A.

FIGS. 7A and 7B are graphs that show the simulated input
impedance for the tag of FIG. 4 including the real part (FIG.
7A) and the imaginary part FIG. 7B).

FIG. 8 A 1s a graph that provides an ofl-metal read distance
comparison for the tag designs of FIGS. 1-4.

FIGS. 8A and 8B are plots of the ofi-metal 10 dB
normalized radiation patterns in the E-plane (FIG. 8B) and
the H-plane (FIG. 8C).

FIG. 9A 1s a graph that provides an on-metal read distance
comparison for the tag designs of FIGS. 1-4.

FIGS. 9A and 9B are plots of the on-metal 10 dB

normalized radiation patterns in the E-plane (FIG. 9B) and
the H-plane (FIG. 9C).

DETAILED DESCRIPTION

As described above, 1t would be desirable to have a
radio-frequency i1dentification (RFID) tag that incorporates
an antenna that can be used in both on- and off-metal
applications. Disclosed herein are RFID tags that are suit-
able for on-metal and off-metal applications. In some
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2

embodiments, the tag comprises a passive RFID IC chip that
1s mounted to a top surface of a substrate, a monopole
antenna that includes a radiating arm that extends out from
the chip along the top surface and a matching loop having
two grounded matching stubs that surround the chip and a
portion of the radiating arm, and a ground plane that extends
from a bottom surface of the substrate and up onto the top
surface of the substrate. In some embodiments, the radiating
arm 1s linear. In other embodiments, the radiating arm 1s
meandered. In some embodiments, the matching loop 1s
contained on the top surface of the substrate. In other
embodiments, the matching loop further extends onto lateral
surfaces of the substrate.

In the following disclosure, various specific embodiments
are described. It 1s to be understood that those embodiments
are example implementations of the disclosed inventions
and that alternative embodiments are possible. All such
embodiments are intended to fall within the scope of this
disclosure.

Disclosed herein are RFID tags that are optimized to
operate 1n both on-metal and off-metal conditions. Imped-
ance matching to the passive RFID integrated circuit (IC)
chip 1s achieved using two parallel stubs to ground, which
enables the tags to cover the ISM RFID UHF bands (864-
868 MHz and 902-928 MHz). On-metal read ranges of
greater than 12 m are achievable using a tag having a very
small footprint due to 1ts three-dimensional design. Meshed
ground planes can be used to reduce the conductive ink
usage (by ~50%) and printing time, while having minimal
cilect on the tag performance.

FIGS. 1A and 1B illustrate a first embodiment of an RFID
tag 10. In this embodiment, the tag 10 comprises a two-
dimensional antenna 12 that 1s formed on a low-permittivity
substrate 14. The substrate 14 can be formed as a rectangular
cuboid having a top surface, a bottom surface, opposed end
surfaces, and opposed lateral surfaces. In some embodi-
ments, the substrate 14 comprises an acrylonitrile butadiene
styrene (ABS) substrate formed using an additive manufac-
turing method, such as fused deposition modeling (FDM). In
some embodiments, the thickness of the substrate 14 1s many
times smaller than the length of the substrate. By way of
example, the substrate 14 can be 6 mm thick and have an
area of approximately 13,126.5 mm~. In some embodiments,
the measured electrical properties at 1 GHz of the substrate
14 are €,=2.6 and tan 6=0.0058.

The design of the tag 10 enables constructive, in-phase
reflections from a ground plane 16 that extends along the
bottom of the substrate 14 and wraps around an end of the
substrate to extend across a portion of the top of the
substrate. Accordingly, the ground plane 16 comprises a
lower portion 18 that covers a bottom surface of the sub-
strate 14, an end portion 20 that covers an end surface of the
substrate, and a top portion 22 that covers a portion of a top
surface of the substrate on which the antenna 12 1s formed.

The antenna 12 1s configured as a planar monopole
antenna comprising a linear radiating arm 24 that 1s used as
the radiating element and achieves broadside radiation par-
ticularly while mounted on metallic objects. This arm 24
extends along a longitudinal direction of the substrate 14

from a passive RFID integrated circuit (IC) chip 26. By way
of example, the RFID IC chip 26 comprises an NXP

UCODE G211 SL351203_1213 passive RFID IC chip, which
has a sensitivity of —18 dBm. In some embodiments, the arm
24 1s formed by micro-dispensing of silver paste, such as
Dupont CBO028 silver paste, on the top surface of the
substrate 14. The paste can be printed using, for example, an
nScrypt Tabletop 3Dn printer having a 125 um mner diam-
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eter ceramic tip. Once the paste has been printed, 1t can be
dried. For example, the paste can be dried at 90° C. for 60
minutes. A monopole design was also chosen because of its
case of manufacturing and integration with printed circuit
boards and surface-mount components, such as the chip 26.

The antenna 12 1s designed to be conjugate matched to the
RFID IC chip 26, which can have normal mode impedances
at 866 MHz and 915 MHz of Zin=(25-1237) €2 and Zin=
(23-1224) €2, respectively. The stable impedance over fre-
quency makes the chip useful for dual band operation. The
impedance matching from the antenna 12 to the RFID IC
chip 26 1s achieved using a matching loop 28 including two
grounded tuning stubs 30. The stubs 30 each include a
longitudinal segment 32 that extends from the top portion 22
of the ground plane 16 along the longitudinal direction of the
substrate 14 on either side of the radiating arm 24 (parallel

thereto), and a transverse segment 34 that extends from an
end of the longitudinal segment along a transverse direction
of the substrate to the radiating arm. The lengths of the
longitudinal and transverse segments 32, 34 of the stubs 30
can be adjusted to provide the necessary susceptance to
achieve a matched condition. A simulated broadside gain of
3.16 dB1 1s achieved both on- and off-metal.

Example dimensions for the RFID tag 10 are shown in
Table I. In this embodiment, the antenna’s radiating arm 12
1s 67.5 mm long and 1s optimized from a A /4 length at the

center frequency of the Furopean (862-868 MHz) and
American (902-928 MHz) ISM RFID bands.

TABLE 1

Dimensions for the Tag Designs

Variable Value (mm)
LIT 98.75
L11 25.50
L12 42.00
LIG 31.25
WIT 57.00
W11 19.00
HIT 06.00
L2T 98.75
L21 25.50
.22 42.00
L2G 31.25
W2T 22.50
W2l 19.00
H2T 06.00
L3T 97.75
L31 40.50
.32 26.25
L3G 31.00
W3T 22.50
H3T 22.00
H31 10.75
W41 10.25
L4T 52.75
L41 14.00
142 12.00
143 03.50
L44 07.00
LA45 07.00
LA46 07.00
147 05.00
LAR 09.00
LA9 11.25
L4G 16.00
H4T 22.00
H41 10.75
W4T 22.50

FI1G. 2 illustrates a second embodiment of an RFID tag 40

that 1s stmilar 1n design to the RFID tag 10. Accordingly, the
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tag 40 also comprises a two-dimensional antenna 42 that 1s
formed on a low-permittivity substrate 44, which can be 6
mm thick and made of ABS.

The tag 40 1ncludes a ground plane 46 that comprises a
lower portion 48 that covers a bottom surface of the sub-
strate 44, an end portion 50 that covers an end surface of the
substrate, and a top portion 52 that covers a portion of a top
surtace of the substrate on which the antenna 42 1s formed.

The antenna 42 1s configured as a planar monopole
antenna including a linear radiating arm 34 that extends
along a longitudinal direction of the substrate 44 from a
passive RFID integrated circuit (IC) chip 56. As with the
arm 24, the arm 54 can be formed by micro-dispensing of
silver paste on the top surface of the substrate 44.

The antenna 42 further comprises a matching loop 58
including two grounded tuning stubs 60, which each include
a longitudinal segment 62 that extends from the top portion
52 of the ground plane 46 along the longitudinal direction of
the substrate 44 on eirther side of the radiating arm 34
(parallel thereto), and a transverse segment 64 that extends
from an end of the longitudinal segment along a transverse
direction of the substrate to the radiating arm.

While the embodiment of FIG. 2 shares many similarities
with the embodiment of FIG. 1, the RFID tag 40 shown in
FIG. 2 1s much smaller than the RFID tag 10 shown 1n FIG.
1. In particular, the tag 40 1s much narrower than the tag 10
and, therefore, has a smaller footprint. In some embodi-
ments, the tag 40 has a width of 22.5 mm, as compared to
57 mm for the tag 10, and an area of 5,898.7 mm~, which
reflects a footprint reduction of 222%. Although the tag 40
has a smaller footprint, it 1s designed to provide similar
performance for both on- and ofl-metal applications. The
reduction of the ground plane width, however, compromises
the antenna radiation ethciency and therefore the peak
broadside gain due to an increase in edge radiation. The
simulated off-metal broadside gain for the tag 40 design 1s
1.8 dB1 compared to 3.16 dB1 for the tag 10.

Example dimensions for the RFID tag 40 are also shown
in Table 1.

One approach to account for the gain reduction of the
smaller ground plane 1s to introduce a three-dimensional
geometry. FIG. 3 illustrates an embodiment of an RFID tag
70 that has such a geometry. The tag 70 comprises a
three-dimensional antenna 72 that 1s formed on a thick,
low-permittivity substrate 74, which can be made of ABS. In
some embodiments, the thickness of the substrate 74 1is
approximately one-quarter the length of the substrate. By
way ol example, the substrate 74 can be approximately 1
mm thick.

The tag 70 includes a ground plane 76 that comprises a
lower portion 78 that covers a bottom surface of the sub-
strate 74, an end portion 80 that covers an end surface of the
substrate, and a top portion 82 that covers a portion of a top
surface of the substrate on which the antenna 72 1s formed.

The antenna 72 1s configured as a planar monopole
antenna including a linear radiating arm 84 that extends
along a longitudinal direction of the substrate 74 from a
passive RFID integrated circuit (IC) chip 86. The arm 84 can
be formed by micro-dispensing of silver paste on the top
surtace of the substrate 74.

The antenna 72 further comprises a matching loop 88 that
includes two grounded tuning stubs 90. In this embodiment,
however, the stubs 90 extend across the top surface of the
substrate 74 and opposed lateral surfaces of the substrate.
More particularly, the stubs 90 include a first vertical seg-
ment 92 that extends downward from the top surface and the
top portion 82 of the ground plane 76 along the lateral
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surface of the substrate 74, a horizontal segment 94 that
extends from an end of the first vertical segment along the
lateral surface and along the longitudinal direction of the
substrate, a second vertical segment 96 that extends upward
from an end of the horizontal segment along the lateral
surface of the substrate to 1ts top surface, and a transverse
segment 98 that extends from an end of the second vertical
segment along the top of the substrate 1n the transverse
direction to the radiating arm 84. With this configuration, a
much larger matching loop 88 1s provided without increas-
ing the footprint of the tag 70

Example dimensions for the RFID tag 70 are also shown
in Table 1.

Further size reduction can be achieved by using a mean-
dered radiating arm to compress the antenna into a reduced
footprint. FIGS. 4A and 4B illustrate an embodiment of an
RFID tag 100 that utilizes such a configuration. The tag 100
also comprises a three-dimensional antenna 102 that is
formed on a thick, low-permittivity substrate 104 that can be
made of ABS. In some embodiments, the thickness of the
substrate 104 1s approximately half the length of the sub-
strate. By way of example, the substrate 104 i1s approxi-
mately 1 mm thick.

The tag 100 includes a ground plane 106 that comprises
a lower portion 108 that covers a bottom surface of the
substrate 104, an end portion 110 that covers an end surface
ol the substrate, and a top portion 112 that covers a portion
ol a top surface of the substrate on which the antenna 102 1s
formed.

The antenna 102 is configured as a planar monopole
antenna including a meandered radiating arm 114 that
extends along a longitudinal direction of the substrate 104
from a passive RFID integrated circuit (IC) chip 116. As
shown 1n FIGS. 4A and 4B, the arm 114 includes multiple
longitudinal segments 118, 119, 120, 122, and 124 that
connect with multiple transverse segments 126, 128, 130,
and 132 to form a continuous meandered structure that
results 1n a relatively long radiating arm 114 that occupies a
relatively small area. The longer radiating arm 114 1s needed
to overcome the reduction i eflective length that 1s pro-
duced by greater electric field coupling between the seg-
ments. As before, the arm 114 can be formed by micro-
dispensing of silver paste on the top surface of the substrate
104.

The antenna 102 further comprises a matching loop 134
that 1includes two grounded tuning stubs 136 that extend
across the top and lateral surfaces of the substrate 104. More
particularly, the stubs 136 include a first vertical segment
138 that extends downward from the top surface and the top
portion 112 of the ground plane 106 along the lateral surface
of the substrate 104, a first horizontal segment 140 that
extends from an end of the first vertical segment along the
lateral surface and along the longitudinal direction of the
substrate, a second vertical segment 142 that extends
upward from an end of the first horizontal segment along the
lateral surface of the substrate, a second horizontal segment
144 that extends from an end of the second vertical segment
along the lateral surface and along the longitudinal direction
of the substrate, a third vertical segment 146 that extends
upward from an end of the second horizontal segment along
the lateral surface of the substrate to 1ts top surface, and a
transverse segment 148 that extends from an end of the third
vertical segment along the top of the substrate in the
transverse direction to the radiating arm 114.

The geometry of the tag 100 takes advantage of the
available radiation sphere in a more eflicient way when
compared with the other designs and provides an electrical
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s1ize at 915 MHz of ka=0.588 compared to 1.093 (tag 10),
0.972 (tag 40) and 0.983 (tag 70).

Example dimensions for the RFID tag 100 are also shown
in Table 1.

FIG. 5 shows the simulated retlection coellicients for the
RFID tags described above. The tag 100 enables an area
reduction compared to the tag 10 of 520% while maintaining
a similar on-metal performance with a broadside simulated
gain ol 5.02 dB1 while mounted over a 0.9 m diameter
copper disc and 3 dBi1 gain while mounted over a 300x300
mm” rectangular ground plane. The four tags show a simu-
lated =10 dB retlection coeflicient bandwidth that allows
them to operate in both the European and American RFID
ISM frequency bands. Simulations were performed with
ANSYS HFSS 15.

If desired, the amount of conductive paste and the printing,
time can be reduced when fabricating the RFID tags. FIG.
6A 1llustrates an example of this. In this embodiment, the
paste used to form the ground plane 106' of the RFID tag
100" was reduced by using a meshed configuration instead of
a solid one (the ground plane 106' includes a lower portion
108', an end portion 110', and a top portion 112'). The ground
density (D) defines the ratio of the conductor used with the
meshed ground to the conductor needed for a solid ground.
If the mesh dimensions are selected as a=0.45 mm and
b=0.45 mm (as illustrated 1n FIG. 6 A) the ground density 1s
51.5%, which means that approximately half as much 1ink 1s
needed to fabricate the ground plane. FIG. 6B shows the
simulated return loss (referenced to the chip impedance)
when using a meshed configuration.

Impedance tuning of the FIG. 4 design to accommodate

different ICs or operating frequencies can be accomplished
by manipulating the length of the tuning stubs during the
initial design stage. In the embodiment of FIG. 4, the tuning
stubs are connected to ground and wrapped around the
lateral surface before making contact with the radiating arm.
The length L.41 can be easily adjusted on both stubs to fine
tune the antenna’s reactance, and consequently the resonant
frequency. FIGS. 7A and 7B show the changes in the
antenna input impedance for different .41 values.
RFID tags having the above configurations were fabri-
cated and tested, and their performance was evaluated.
Radiation pattern measurements were made 1nside an
anechoic chamber. Read range measurements were per-
formed using a movable fixture to manually adjust the
distance. A CS101 Handheld RFID reader was used to
determine read range for each tag. The distance was mea-
sured with a BOSCH GLM15 laser measurement tool. The
reader power setting (threshold power) was increased from
10 dBm up to 31 dBm and plotted against maximum read
distance. The measured data was fitted with a model con-
sistent with the Friis equation: log,,(1/d*), where d is the
distance between the reader and the tag.

FIG. 8A shows the measured off-metal threshold power
against maximum read distance. For 31 dBm threshold
power, the FIG. 3 and FIG. 4 designs reached a read distance
of approximately 11 m, which 1s almost 2 meters better than
what 1s obtained with the larger FIG. 1 design. FIGS. 8B and
8C show the simulated and measured E-plane and H-plane
normalized gain patterns, respectively.

On-metal measurements were performed with the tags
placed on a 300x300 mm~ copper plane. FIG. 9A shows the
measured threshold power against maximum read distance.
For 31 dBm threshold power, the FIG. 3 and FIG. 4 designs
reached a read distance of approximately 12.5 meters, which
1s almost 4 meters better than what 1s obtained with the

larger FI1G. 1 design. FIGS. 9B and 9C show the simulated
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and measured E-plane and H-plane normalized gain pat-
terns, respectively, for the on-metal configuration.

Table II provides a comparison of measured read range of
the four tag designs and several previously proposed tags.

TABLE

11

Measured Read Range Comparison

Electrical

Size (ka)  Measured Off Metal Measured On Metal
Element 915 MHz Read Range (m) Read Range (m)
2DL** 1.093 10.0 10.2
2DS* 0.972 6.5 7.9
3DL** 0.983 11.5 12.5
3PS 0.588 11.3 12.1
AMC M [7]* 1.133 10.0 8.3
3-Arm|[S5]F** 1.210 2.0 5.0
Patch[4]* 1.395 — 2.5
Confidex Irons. 0.369 — 5.0
Micro*

Threshold power = **(1.25 W), *(4 W), ***5(2 W)

As described above, multiple RFID tag antenna designs
have been disclosed for dual band operation (ISM RFID

UHF 864-868 MHz and 902-928 MHz). A baseline tag
design (FIG. 1) shows similar on- and off-metal perfor-
mance.

This design was then compressed mto 3 different
designs having smaller footprints and improved pertor-
mance. For a threshold power of 31 dBm, the maximum
measured on- and ofl-metal read distance was 12.5 m and
11.5 m, respectively, for the FIG. 3 design, which had
dimensions of 97.75x22.5x22 mm. Similar performance
was obtained with a more compact design (FIG. 4) with
dimensions of 52.75x22.5x22 mm and read range on- and
ofl-metal of 12.1 m and 11.3 m, respectively. Impedance
matching and tunability was obtamned by using two
grounded stubs, enabling functionality with multiple RFID
passive ICs.

The 1nvention claimed 1s:

1. A radio-frequency i1dentification (RFID) tag compris-
ng:

a substrate having a top surface including a bottom
surface, opposed end surfaces, and opposed lateral
surfaces;

a passive RFID integrated circuit (IC) chip mounted to the
top surface of the substrate;

a monopole antenna that includes a planar radiating arm
that extends out from the RFID IC chip along the top
surface of the substrate and a matching loop having two
grounded matching stubs that surround the chip and a
portion of the radiating arm, wherein the matching loop
extends across the top surface of the substrate and onto
the lateral surfaces of the substrate; and

a ground plane formed on the bottom surface, an end
surface, and the top surface of the substrate, the ground
plane being electrically coupled to the matching stubs
and the radiating arm.

2. The RFID tag of claim 1, wherein the substrate 1s made

ol acrylonitrile butadiene styrene.

3. The RFID tag of claim 1, wherein the substrate is a

rectangular cuboid.

4. The RFID tag of claim 1, wherein a thickness of the

substrate 1s approximately one-quarter a length of the sub-
strate.
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5. The RFID tag of claim 1, wherein a thickness of the

substrate 1s approximately half a length of the substrate.

6. The RFID tag of claim 1, wherein the radiating arm 1s

linear.

7. The RFID tag of claim 1, wherein the radiating arm 1s

meandered.

8. The RFID tag of claim 1, wherein the matching loop 1s

confined to the top surface of the substrate.

9. The RFID tag of claim 1, wherein the ground plane has

a meshed configuration.

10. An antenna comprising;:

a substrate having a top surface including a bottom
surface, opposed end surfaces, and opposed lateral
surfaces:

a monopole antenna that includes a planar radiating arm
that extends along the top surface of the substrate and
a matching loop having two grounded matching stubs
that surround a portion of the radiating arm wherein the
matching loop extends across the top surface of the
substrate and onto the lateral surfaces of the substrate:
and

a ground plane formed on the bottom surface, an end
surface, and the top surface of the substrate, the ground
plane being electrically coupled to the matching stubs
and the radiating arm.

11. The antenna of claim 10, wherein the substrate 1s made

ol acrylonitrile butadiene styrene.
12. The antenna of claim 10, wherein a thickness of the

substrate 1s approximately one-quarter a length of the sub-
strate.

13. The antenna of claim 10, wherein a thickness of the
substrate 1s approximately half a length of the substrate.

14. The antenna of claim 10, wherein the radiating arm 1s
linear.
15. The antenna of claim 10, wherein the radiating arm 1s
meandered.
16. The antenna of claim 10, wherein the matching loop
1s confined to the top surface of the substrate.
17. The antenna of claim 10, wherein the ground plane has
a meshed configuration.
18. A method for fabricating a radio-frequency identifi-
cation (RFID) tag, the method comprising:
forming a substrate using an additive manufacturing fab-
rication method, the substrate having a top surface
bottom surface, opposed end surfaces, and opposed
lateral surfaces;
mounting an RFID integrated circuit (IC) chip on the top
surface of the substrate;
printing a monopole antenna on the top surface of the
substrate that includes a planar radiating arm that
extends from the RFID IC chip and a matching loop
having two grounded matching stubs that surround the
RFID IC chip and a portion of the radiating arm
wherein the matching loop extends across the top
surface of the substrate and onto the lateral surfaces of
the substrate; and
printing a ground plane on the bottom surface, an end
surface, and the top surface of the substrate, the ground
plane being electrically coupled to the matching stubs
and the radiating arm.
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