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A Compact Meander-Line UHF RFID Tag Antenna
Loaded With Elements Found in Right/Left-Handed
Coplanar Waveguide Structures

Benjamin D. Braaten, Member, IEEE, Michael Reich, Member, IEEE, and Jacob Glower, Member, IEEE

Abstract—A new planar meander-line antenna for passive UHF
radio frequency identification (RFID) tags is presented. Specifi-
cally, a meander-line antenna is loaded periodically with coplanar
waveguide (CPW) LC elements traditionally found in right/left-
handed waveguide structures. It is shown that by using the antenna
presented in this letter in a prototype passive UHF RFID tag, effec-
tive read ranges up to 4.87 m can be achieved. Many different di-
electric substrates and CPW-LC load dimensions are investigated
to illustrate how the input impedance, gain, and overall dimen-
sions of the antenna are affected by these structural differences.
It is shown that the overall dimension of the meander-line antenna
can be reduced by slightly more than 18% with the introduction
of the CPW-LC elements to the design. Several of the simulation
results are validated by comparison with measurements.

Index Terms—Coplanar waveguide (CPW) and passive tag,
dipole, meander-line, metamaterial, radio frequency identification
(RFID).

I. INTRODUCTION

NEW AND promising field of research that investigates

the use of metamaterials to reduce the overall size of
printed antennas is resulting in much physically smaller an-
tennas. These smaller metamaterial-based antennas have the
radiation properties and impedance values of much larger
resonant printed antennas found in communications [1]-[5]
and radio frequency identification (RFID) systems [6], [7].
Some of the drawbacks of using metamaterial-based antennas
are the complicated ground planes, vias, lumped elements, and
materials required to reduce the overall size of the antenna
(with the exception of [3]). In many cases, these complicated
structures are not suitable for passive RFID applications. This
is because many of the antennas on passive RFID tags are
printed on a single conducting plane with a single dielectric
substrate [8]-[10]. Therefore, using the techniques in [1]-[7]
to reduce the size of a RFID antenna may render the RFID tag
too complex and costly to deploy in passive RFID applications.
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Fig. 1. (a) Meander-line antenna with CPW-LC loads. (b) Dimensions of the
CPW-LC loads. (c) Printed LC-loaded meander-line antenna on the prototype
passive RFID tag (t = 0.225 mm, L,, = 0.28 mm, L, = 0.92 mm, L, =
142 mm, L; = 0.72 mm,q = O mm, C;, = 2.17 mm, p = 0.64 mm,
Cy=0.29mm,C, =149 mm, Cy = 0.3 mm,f = .31 mm,s = 1.06 mm,
w = 2.22mm, W = 47.13 mm, 11.03 mm, H = 14.81 mm, r = 1.04 mm,
and d = 10.59 mm. (d) CPW-LC loads along the meander-line antenna.

In this letter, interdigitated capacitors (C) and shunt induc-
tors (L) are used to reduce the overall size of a meander-line
antenna on a passive UHF RFID tag. In particular, this is done
by periodically loading the meander-line antenna in Fig. 1(a)
with the series coplanar waveguide (CPW) interdigitated capac-
itors and inductors found in the right/left-handed structures re-
cently presented in [11]. The dimensions of the CPW-LC loads
are shown in Fig. 1(b). The antenna presented in this letter is a
new approach to designing meander-line antennas and has re-
sulted in the following very useful features: 1) the RFID an-
tenna can be printed on a single dielectric substrate (i.e., thin
adhesives), which makes the antenna easy to manufacture; 2) a
ground plane is not required for efficient radiation of the RFID
antenna; 3) the RFID antenna has a gain comparable to other
planar meander-line antennas at or around the same center fre-
quency [12]-[14]; 4) discrete components are not required to
introduce the series capacitance and inductance in the antenna,
thus keeping the cost of the tag much lower; and finally 5) the
RFID antenna has a pattern similar to a small dipole.

II. PERFORMANCE OF THE MEANDER-LINE ANTENNA LOADED
WITH RIGHT/LEFT-HANDED CPW STRUCTURES

It is often desirable to describe an antenna with an equiv-
alent circuit. In this case, each pole of the meander-line an-
tenna in Fig. 1(a) has an equivalent capacitance C.q between
the longer parallel vertical traces and an equivalent inductance
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Fig. 2. Input impedance results for the printed antenna on the prototype RFID
tag.

Leq as aresult of the horizontal traces [15]. This results in a par-
allel connected L.qC.q equivalent circuit for each meander-line
section. By periodically loading the meander-line sections with
the CPW-LC circuit, the equivalent circuit of each meander-line
section is changed to C,q connected in parallel with two se-
ries connected inductances of L., /2 with one end of the series
CPW-LC circuit connected to a node between the two Leq /2 in-
ductance values. This added CPW-LC impedance is used to add
inductance (or capacitance if desired) to the input impedance
of an electrically small meander-line antenna. The result is a
smaller meander-line antenna. This inductance is important be-
cause electrically small antennas can have a significant input
capacitance [15].

A. Experimental Results and Validation

To determine if the design in Fig. 1(a) performed well, a pro-
totype tag was manufactured. Momentum [16] was used to de-
sign the printed antenna on a FR-4 (¢ = 3.7 measured and
tand = .0011 measured) substrate with a thickness of 1.36
mm. The passive IC on the prototype RFID tag chosen was the
Higgs-2 by Alien Technologies [17]. At 920 MHz, the Higgs-2
IC! has an input impedance of approximately Zic = 13.6 —
j142.8 Q [17]. This requires the printed antenna design on the
prototype tag to have an input impedance close to the conjugate
of Zic at 920 MHz. These requirements resulted in the printed
antenna design shown in Fig. 1(c) with a closer image of the
CPW-LC loads shown in Fig. 1(d). Notice that the CPW-LC
loads shown in Fig. 1(b) are slightly different than the manu-
factured loads in Fig. 1(d). This is due to the limitation of the
milling machine used to manufacture the prototype tag. Because
a 0.2032-mm (8-mil) cut is the smallest size available for manu-
facturing the tag, the antenna had to be designed with fewer ca-
pacitive fingers and an inductor that would be easy to mill from
the side of the capacitor. To measure the input impedance, the
printed antenna was cut symmetrically down the middle, placed
vertically above a ground plane (1.2 m x 2.7 m), and fed with an
SMA connector through the ground plane. The input impedance
was then measured using a calibrated network analyzer. The
measured and simulated input impedance results are shown to
agree very well in Fig. 2.

IThe sensitivity during a read is —14 dBm, and the sensitivity during pro-
gramming is — 10 dBm. Also, the equivalent input impedance is a 1.5-K€2 re-
sistor connected in parallel with a 1.2-pF capacitor [17].
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TABLE 1
MEASURED READ RANGE OF THE PROTOTYPE TAG ON VARIOUS MATERIALS

Item Read range (m) Comments
Styrofoam 4.87 3 cm thick
Paper 3.35 single ream
Plastic container 3.50 empty
Carpet 4.26 foam backed
Clothing 4.26 10 cm thick
Sheetrock 3.35 1.58 cm thick

B. Measured Read Range of the Prototype Tag on Various
Items

The next step in the validation process was to determine how
well the prototype tag in Fig. 1(c) performed on various ma-
terials. This was done by placing the prototype tag on the dif-
ferent materials listed in the first column of Table I. Then, an
Alien Technologies ALR-9900 RFID reader [17] (with a max-
imum output power of 1 W) connected to a CP antenna with a
gain of 6 dBi and the material with the tag attached on the sur-
face were placed in an anechoic chamber. Next, the max read
range of the tag on the different materials was determined using
the method described in [9]. The results from these measure-
ments are shown in the second column of Table I. The max read
range of the tag was 4.87 m. This max read range is comparable
to many commercially available tags.2 When compared to the
dimensions of certain commercial tags, the prototype tag pre-
sented in this letter is 47%—70% smaller (i.e., the prototype tag
has 47%-70% less surface area than several of the tested com-
mercial tags). This reduced size is achieved by using a thicker
substrate and the CPW-LC loads in Fig. 1(d).

The accurate results in Fig. 2 and the good read range values
in Table I indicate that there is a good conjugate match between
the Higgs-2 IC and the antenna. This in turn demonstrates that
Momentum is a good and accurate tool for modeling the an-
tenna in Fig. 1(c). Therefore, because of the large number of
designs in the next section, Momentum will be used exclusively
to calculate the input impedance and gain of the various an-
tennas. In particular, Momentum will be used to calculate the
input impedance and gain of the antenna in Fig. 1(c) on var-
ious values of permittivity, substrate thicknesses, and CPW-LC
dimensions (i.e., Cy and L,, values). This will show how the
impedance and gain of the antenna changes for different sub-
strate properties and CPW-LC dimensions. These results will
be very useful for a designer using this type of RFID antenna
because the following sections will demonstrate the behavior of
the antenna.

C. Results for Various Substrate Properties and CPW-LC
Loads

Initially, the thickness d of the substrate was changed and
¢ was fixed at 4.25. This illustrated how the input impedance
and gain changed as the thickness was increased. The results
from these simulations are shown in Figs. 3 and 4. The results
in Fig. 3 show that the input resistance can increase dramati-
cally for larger values of d and that the antenna becomes more
inductive for larger values of d. The results in Fig. 4 show a max

2The max read range values for several commercial tags manufactured by
Alien Technology [17] and Invengo [18] were also determined in the anechoic
chamber with various Alien Technology RFID readers.
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Fig. 3. Input impedance for various values of d.
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Fig. 4. Gain for various values of d and ¢.

gain of 1.84 dBi and that the gain can be significantly reduced
for larger values of d.

Next, the permittivity € of the substrate was changed and d
was fixed at 0.787 mm. Again, this illustrated the behavior of
the input impedance and gain as the values of ¢ were changed.
The results from these simulations are shown in Figs. 4 and 5.
The results in Fig. 4 show a max gain of 1.84 dBi and that the
gain reduces for larger values of €. The results in Fig. 5 show
how much the input resistance can increase for larger values of
€ and how the antenna becomes more inductive for larger values
of e. For the dimensions in Fig. 1(c), the antenna performs well
for smaller values of ¢ and d. This indicates that the CPW-LC
loaded meander-line antenna presented in this letter is very suit-
able for printing on thin adhesive substrates.

Next, the substrate thickness and CPW-LC loads were altered
and the overall surface area A of the antenna on the tag was
computed. This was done to show how the substrate values and
CPW-LC loads individually altered the size of the antenna on the
prototype tag. The results from these computations are shown
in Table II. The entries in the first line are for the antenna on
the prototype tag in Fig. 1(c). The second line shows the area
of the prototype antenna in Fig. 1(c) with the CPW-LC loads
along the folded ends removed. When the input impedance and
gain matched the values of the prototype antenna in Fig. 1(c),
the surface area of the antenna was computed. This procedure
resulted in an antenna with an overall area of 849 mm?, which is
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TABLE II
COMPUTED OVERALL SIZE RELATION OF THE PROTOTYPE TAG FOR VARIOUS
SUBSTRATE PROPERTIES AND CPW-LC LOADS

line | d (mm) | ¢ A (mm?) | CPW-LC loads
1 1.36 3.6 697 yes

2 1.36 3.6 849 no

3 1.0 3.6 743 yes

4 5 3.6 829 yes

5 0 1.0 1093 yes

21.8% larger than the antenna on the prototype tag. This shows
the actual size reduction due solely to the CPW-LC loads along
the meander-line antenna. The third line shows the area of the
prototype antenna in Fig. 1(c) with the CPW-LC in place along
the folded ends and the substrate thickness reduced to 1.0 mm.
Again, when the input impedance and gain matched the values
of the prototype antenna in Fig. 1(c), the surface area of the
antenna was computed. This procedure resulted in an antenna
with an overall area of 743 mm?, which is 6.59% larger than
the antenna on the prototype tag. This shows the actual size
reduction due solely to the substrate thickness. Also, lines 4 and
5 show the area of the prototype antenna with a smaller substrate
(0.5 mm) and in free space. The prototype antenna is 56.8%
larger in free space.

Next, the structure of the CPW-LC loads were modified, and
the input impedance was determined for various values of loop
inductance L,, with € and d set at 4.25 and 0.787 mm, respec-
tively. The simulated input impedance is shown in Fig. 6. It is
shown that the input resistance varies by only a few Ohms over
the range of L,,, but the input reactance varies by as much as
80 Q2 over the range of L,,. Finally, the input impedance was
determined for various values of gap-capacitance C, with € and
d set at 4.25 and .787 mm, respectively. The simulated input
impedance is shown in Fig. 7. It is shown that the input resis-
tance varies by approximately 7 €2 over the range of Cy, but the
input reactance varies by as much as 145 ) over the range of
Cy. This shows that the capacitor portion of the CPW-LC load
can be used to match the entire antenna impedance with the tag.

III. DISCUSSION

Many important comments can be made about the results in
Figs. 1 and 3-7 and Tables I and II.
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1) Combining the dimensions in Fig. 1(c) with the results in
Table I shows that the antenna presented in this letter can
be used in a compact tag design that is very useful on many
common items found in manufacturing.

2) The results in Table II show that the size of the meander-
line antenna can be reduced by 18% by simply introducing
the CPW-LC loads.

3) From the results in Figs. 3-5, it can be concluded that the
CPW-LC loaded meander-line antenna presented in this
letter is suited for printing on very thin substrates.

4) The results in Figs. 6 and 7 show that both the loop induc-
tance and gap-capacitance can be used effectively to match
the input impedance of the antenna with the impedance of
the tag (Z1c = 13.6 — j142.8 Q).

IV. CONCLUSION

A new compact CPW-LC loaded meander-line antenna has
been presented. A prototype tag was printed on FR-4 material,
and several of the simulated input impedance values were
validated by comparison with measurements. It was shown that
the prototype tag had effective read range values on various
common manufactured materials while having overall dimen-
sions that were 47%—70% less than commercially available
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tags. Finally, many different dielectric substrates and CPW-LC
load dimensions were investigated to illustrate how the input
impedance, gain, and overall size of the antenna were affected
by these structural differences.
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