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An optimized ink-reducing hollowed-out
arm meander dipole antenna structure for
printed RFID tags
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This paper presents an optimized ink-reducing meander dipole antenna structure suitable for implementing printed radio fre-
quency identification (RFID) tags. The proposed antenna designs contain empty ink-reducing hollowed-out areas along the
antenna’s arms such that the resulting antennas require much less conductive ink to produce yet still achieve decent antenna
performance compared with the conventional solid-arm dipole antennas. The simulation results demonstrate that when the
ratio between the width of the hollowed-out areas and the width of the antenna arms is about 0.6, the resulting RFID tag experi-
ences a slight read range performance degradation of ,10%, while it offers a sizeable ink consumption reduction of almost 50%.
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I . I N T R O D U C T I O N

Printed radio frequency identification (RFID) technology has
recently gained much interest for item-level labeling and
tracking applications. Printed RFID tags are simpler, more
economical, and more environmental friendly to produce
than RFID tags fabricated by the traditional copper-etching
process [1, 2]. By utilizing a low-cost printing technique
such as inkjet printing or screen printing, a printed RFID
tag antenna of a desirable planar structure can be economic-
ally formed such that conductive ink is only printed on the
intended areas and no ink is wasted in the unused non-
conductive areas [3–7]. Nonetheless, design challenges exist
due to the low conductivity characteristic and the relatively
high price of conductive ink materials. In general, a cost-
effective printed RFID tag antenna design should minimize
the amount of conductive ink required for printing a designed
tag antenna structure, while the resulting RFID tag should still
achieve good read range performance.

Over recent years, many researchers have proposed various
printed RFID tag antenna designs that require less conductive
ink to produce, e.g. [8–14]. In [8], a grid pattern is employed
for antenna structures with large conductive areas such as
tip-loaded dipole antennas, but the results demonstrate that
forming grid patterns on small tag antennas greatly degrades

the antenna performance. In [9, 10], a narrow-line RFID
dipole antenna structure is proposed, but the resulting design
achieves low antenna gain and poor read range performance.
In [11–13], the thickness of conductive layers in different areas
of the antenna is selectively optimized. This approach yields
quite good results; however, the reprinting process to formulate
variable levels of conductive layer thickness is quite complicated
and time consuming. In [14], an ink-optimized slotted bow-tie
antenna design is introduced for a printed RFID tag antenna.
However, the gain of this antenna is noticeably reduced com-
pared with the solid-arm bow-tie antenna design.

This work proposes an ink-reducing meander dipole
antenna structure that requires less conductive ink for fabrica-
tion of good performance low-cost RFID tags. In the proposed
antenna structure, a meandering empty hollowed-out area is
formed along the centerline of each arm of the meander
dipole antenna in order to decrease ink consumption. The
simulation results demonstrate that the proposed ink-reducing
meander dipole antenna structure can trim down the amount
of conductive ink required to produce the resulting tag by
about 46%, while the resulting printed RFID tag still achieves
a comparable level of read range performance as the printed
RFID tag composed of a solid-arm dipole antenna.

I I . B A C K G R O U N D

A) Printed RFID tags and performance
criteria
Basically, a printed RFID tag consists of two main compo-
nents: a printed antenna and an RFID chip attached to the
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antenna. A dipole-type antenna structure is usually employed
since it produces a desirable omni-directional radiation
pattern. A simple dipole antenna structure for printed RFID
tags consists of two radiating arms and a matching section
formed by an inductive shorting loop connecting the two radi-
ating arms. The inductive matching section should be pro-
perly designed to have good matching with the impedance
of the attached RFID chip. The antenna is usually printed
using conductive ink on a flexible substrate such as
polyethylene-terephthalate (PET).

The performance of RFID tags is normally illustrated by
the read range (r) which can be calculated using Frii’s trans-
mission formula as [15]

r = l

4p

��������������������
gtgrPt

Pth
p 1 − s11| |2( )

√
, (1)

where l is the wavelength, Pt is the power transmitted by the
RFID reader, gt denotes the gain of the transmitting antenna,
gr denotes the gain of the receiving tag antenna, Pth denotes
the threshold power for the RFID chip to operate, p denotes
the polarization loss factor, and |s11|2 corresponds to the
Kurokawa’s power reflection coefficient [16]. In Thailand,
RFID tags must operate within the frequency range of 920–
925 MHz in the ultra-high-frequency band. In addition, the
maximum level of gtPt must not exceed 4 W.

Here, the reflection coefficient (s11) indicates how well a
given tag antenna structure is matched to the attached RFID
chip. The reflection coefficient (s11) can be obtained by

s11 = Za − Z∗
c

Za + Zc
, (2)

where Za ¼ Ra + jXa denotes the antenna impedance, and
Zc ¼ Rc + jXc denotes the chip impedance. The antenna and
the RFID chip are well matched if the antenna impedance
(Za) is equal to the conjugate value of the chip impedance
(Zc). The perfect conjugate impedance matching condition is
desirable for good designs.

B) Straight and meander dipole antennas for
printed RFID tags
A straight dipole antenna is a basic form of dipole antenna
design. A drawback of using a straight dipole antenna for
RFID tags is its length. A straight dipole antenna must be
long enough (≈0.5l) to achieve the theoretical antenna gain
of about 2.15 dB predicted for a half-wavelength dipole [17].
Otherwise, a straight dipole antenna with shorter arms
(≪0.5l) has a degraded antenna gain. A long, straight
dipole antenna is not desirable in practice since small-sized
tags are typically required for RFID applications.

To miniaturize the lengthy straight dipole antennas,
meander dipole antenna designs have been widely used [18,
19]. Instead of having long straight arms, the arms of a
meander dipole antenna meander back and forth, so that
the RFID tag becomes shorter in length. Still, the meandered
antenna arms can be effectively long enough to yield a similar
antenna gain as that of the straight dipole antenna. As an illus-
tration, two simple straight dipole antenna designs with differ-
ent antenna dimensions and a meander dipole antenna design
are presented and compared. Figures 1(a) and 1(b) show the

basic straight dipole antenna designs with a tag length of
118 mm (≈0.36l) and 82 mm (≈0.25l), respectively.
Figure 1(c) displays the meander dipole antenna design in
which the antenna arms are fitted onto an 82 × 10 mm2 tag.
Table 1 lists the characteristic parameters of the employed
antenna substrate, conductive materials, and the RFID chip.
Table 2 presents the simulation results obtained via the CST
Microwave Studio 2014 simulation software. It can be seen
that the long 0.36l straight dipole antenna design can
achieve a read range of about 7 m, while the shorter 0.25l
straight dipole antenna design can only achieve a read range
of ,3 m. In contrast, the meander dipole antenna design
with a tag length of 0.25l achieves a read range of about
5.3 m, which is noticeably larger than the read range of the
short 0.25l straight dipole antenna design. Nonetheless, the
standard meander dipole antenna design should be reengi-
neered, so that the resulting tag antenna does not only have
a short overall tag length, but also requires less conductive ink.

I I I . I N K - R E D U C I N G D I P O L E
A N T E N N A D E S I G N

This section presents an optimized ink-reducing dipole
antenna structure for low-cost printed RFID tags. In the pro-
posed design, the conventional dipole antenna configurations
depicted in Figs 1(a) and 1(c) are modified such that some
meandering hollowed-out areas are formed along the center-
line of the antenna arms, and no conductive ink is filled in
the empty areas. The resulting tag antennas are displayed in
Figs 2(a) and 2(b), wherein W denotes the width of the
antenna arms and Wspace denotes the width of the empty
areas. Ink consumption is lower when Wspace is widened or
the ratio between Wspace and W is increased. The empty areas
are only formed along the antenna arms, while the inductive
matching loop section remains fully filled with conductive ink.

Note that ideally for each design with a given value of
Wspace, the optimal matching loop section may not be identi-
cal. The matching loop section adjustments are numerically
studied in this work but the results suggest that the presented
fixed matching loop section with a constrained line width can
approximately achieve optimum impedance matching for all
values of Wspace/W under consideration. Furthermore, if the
matching loop section is also hollowed out, the antenna gain
performance drastically degrades.

I V . S I M U L A T I O N R E S U L T S

This section presents the simulation results obtained from the
CST Microwave Studio 2014 simulation tool. The simulation
employs the characteristic parameters of the substrate, con-
ductive ink, and RFID chip as listed in Table 1. The read
range performance is calculated using equation (1) with
gtPt ¼ 4 W and the polarization loss factor p ¼ 1.

Figure 3 illustrates the performance results of the ink-
reducing 0.36l straight dipole antenna designs as a function
of Wspace/W. The conventional antenna design with fully
filled arms corresponds to the case when Wspace/W ¼ 0. It
can be observed that enlarging the empty areas along the
arms of the straight dipole antenna decreases the antenna
gain and increases the reflection coefficient. Consequently,
the read range results are poorer when the unfilled areas are
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widened. For instance, the read range of the ink-reducing
0.36l straight dipole antenna with a Wspace/W ratio of 0.6 is
6.5 m, which is only 0.5 m shorter than the read range of
the conventional 0.36l straight dipole antenna with fully
filled arms. That is, the proposed design achieves an ink
reduction of nearly 40%, while the read range is only 7%
shorter than that of the conventional 0.36l straight dipole
antenna design.

Figure 4 displays the performance results of the proposed
ink-reducing 0.25l meander dipole antenna designs as a

function of Wspace/W. Similarly, the read range results are
poorer when the unfilled areas are widened. For example,
the read range of the ink-reducing 0.25l meander dipole
antenna with a Wspace/W ratio of 0.6 is 5.27 m, which is
only 0.36 m shorter than the read range of the conventional
0.25l meander dipole antenna. That is, the proposed design
achieves an ink reduction of 46%, while the read range is
only 6% shorter than that of the conventional 0.25l
meander dipole antenna design.

In addition, the surface current density distribution of the
straight and meander dipole antenna configurations are illu-
strated in Fig. 5. It can be noted from Figs 5(a) and 5(c)
that the current density along the centerline of the fully
filled antenna arms is relatively small. Therefore, it may be
predicted that introducing some narrow, ink-reducing
hollowed-out areas along the centerline of the printed dipole
arms should have little impact on the antenna radiation per-
formance, according to the design concept suggested in [13].
Moreover, it may be observed from Figs 5(b) and 5(d) that
the in-phase current density for the proposed hollowed-out

Table 1. Characteristic parameters of the employed substrate, conductive
ink, and RFID chip.

Material Parameter Value

PET film Thickness 135 mm
Relative permittivity 3
Loss tangent 0.002

Conductive ink Conductive layer thickness 1 mm
Volume resistivity 10×1026 V cm

RFID chip Model NXP UCODE G2XL
Input capacitance 1.36 pF
Quality factor 9
Minimum operating power

(Pth)
215 dBm

Impedance at 922.5 MHz 14.0952jl26.857 V

Table 2. Calculated results of the dipole antenna designs at 922.5 MHz,
with p ¼ 1 and gtPt ¼ 4 W.

Antenna Antenna gain
(dB)

S11

(dB)
Read
range (m)

Ink volume
(mm3)

0.36l straight
dipole

22.32 233.9 7.01 0.288

0.25l straight
dipole

210.0 226.2 2.88 0.209

0.25l meander
dipole

24.74 230.8 5.63 0.428

Fig. 1. Illustration of dipole antenna miniaturization with meander line structure: (a) a straight dipole antenna with a total length of 0.36l, (b) a short straight
dipole antenna with a total length of 0.25l, and (c) a meander dipole antenna with a total length of 0.25l.

Fig. 2. Ink-reducing dipole antenna designs: (a) ink-reducing 0.36l straight
dipole antenna and (b) ink-reducing 0.25l meander dipole antenna.
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arm dipole antennas is higher along the edge of the antenna
arms compared with that of conventional dipole counterparts.
Possibly, the effect of the in-phase current density increase
along the edge areas may well compensate for the effect of
the current absence over the hollowed-out areas. Depending
on the surface current density distribution for each part of
the entire antenna structure, the resulting antenna gain of

the hollowed-out arm antenna designs may be similar to or
worse than that of the conventional fully filled dipole
antenna designs.

Furthermore, it is demonstrated here that the empty
unfilled areas should only be formed on the antenna arms
and the inductive matching section should remain fully
filled. Figure 6 shows the performance results of the

Fig. 3. Performance results of the ink-reducing 0.36l straight dipole antenna: (a) antenna gain and S11 and (b) read range and ink reduction, as a function of
Wspace/W.

Fig. 4. Performance results of the ink-reducing 0.25l meander dipole antenna: (a) antenna gain and S11 and (b) read range and ink reduction, as a function of
Wspace/W.

Fig. 5. Surface current density distribution at 922.5 MHz: (a) the 0.36l straight dipole antenna, (b) the ink-reducing 0.36l straight dipole antenna with Wspace/
W ¼ 0.3, (c) the 0.25l meander dipole antenna, and (d) the ink-reducing 0.25l meander dipole antenna with Wspace/W ¼ 0.3.
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ink-reducing 0.25l meander dipole antenna designs with the
empty areas extended over the entire antenna body including
the inductive matching part. In this case, the sizes of the
hollowed-out matching loop section are also adjusted to
improve impedance matching for each design. Nonetheless,
the adjustments only yield slim improvements of the imped-
ance matching quality given that the dimensions of the
antenna arms are not altered. It can be seen that the presence
of empty areas of any size over the inductive matching loop
section largely increases the reflection coefficient and notice-
ably degrades the antenna gain and read range performance
of the resulting design. In fact, this result is not surprising
since the matching section is formed to adjust impedance of
the antenna. A modification to this matching structure would
cause a large impedance mismatch. Moreover, as shown in
Fig. 5, the surface current density over the matching section
of the dipole antenna is very dominant. According to the
design concept presented in [13], this area should not be min-
iaturized in order to achieve good antenna gain performance.

V . E X P E R I M E N T A L V E R I F I C A T I O N

B) Fabrication of RFID tag antennas with
inkjet printing
To verify the simulation results, the presented antenna designs
are fabricated by inkjet printing. The Mitsubishi NBSIJ-MU01
silver ink and the Brother MFC-J825DW inkjet printer are
used. The employed substrate is the Mitsubishi NB-TB-
3GU100 PET sheet. According to the datasheet, the chosen
silver ink can form a conductive layer that has thickness of
approximately 1 mm on the employed substrate.

To create an RFID tag, an RFID chip is attached to each
antenna using conductive tapes. The chip has 3 × 3 mm2

straps which are placed on the antenna feed points. Figure 7
displays the fabricated RFID tags. Both conventional and
ink-reducing designs for the 0.36l straight dipole antenna
and the 0.25l meander dipole antenna are fabricated. Here,
the proposed ink-reducing designs employ the Wspace/W
ratio of 0.6 as in the previous section.

It should be pointed out that the tag fabrication here is only
intended for the purpose of verifying the proposed ink-
reducing antenna design approach. Although the fabricated
RFID tags can be bent or twisted during our tests, additional

coatings may be needed to reinforce the tags before they can
really be deployed in practice. Additional studies on the
issue of coating for RFID tags or wearable antennas may be
found in [20, 21].

B) Impedance measurement
Since dipole-type RFID tags are categorized as balanced
devices, the impedance cannot be measured directly using a
measurement instrument that is terminated with unbalanced
ports such as coaxial ports. When the impedance of a dipole
antenna is characterized with a conventional method that
uses a vector network analyzer (VNA) with the single-port
measurement, the result will not be accurate because the cur-
rents fed to the radiators of the antenna are unequal.

In this paper, we use the method suggested in [22–24]
which is reportedly accurate for impedance measurement of
asymmetrical/symmetrical tag antennas. This measurement
method uses a two-port VNA and a test fixture. As shown
in Fig. 8(a), the test fixture here has an arm length of approxi-
mately 40 mm. At one end, the test fixture is formed with two
SMA connectors which can be connected to the VNA via
some test cables. At the other end, the test fixture is formed
such that the outer conductors of the coaxial cables are sol-
dered together and the tip of the inner conductor of each
coaxial cable is attached to a small 1 × 1 mm2 copper pad
that is used as a measurement end point.

Fig. 6. Performance results of the ink-reducing 0.25l meander dipole antenna design in which the empty areas are extended over the inductive matching loop
section: (a) antenna gain and S11 and (b) read range and ink reduction, as a function of Wspace/W.

Fig. 7. Fabricated inkjet-printed RFID tag antennas.
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The Keysight PNA-X N5245A VNA is employed. After the
standard two-port calibration is performed, the test fixture is
connected to the coaxial test cables. The built-in automatic
port extension feature is then used to offset the delay effect
caused by the test fixture [23]. Here, the delay compensation
offsets for the extended ports are 173 and 169 ps. Given that
the velocity factor of the coaxial cables is approximately 0.7,
the obtained port extension delay offsets are equivalent to
36.3 and 35.5 mm in the distance domain, respectively. Note
that these offset values are roughly equal to the arm length
of the test fixture.

To measure the impedance of a given antenna, the end-
points of the test fixture are placed on the feed areas of the

antenna as shown in Fig. 8(b). The measured two-port
S-parameters, i.e. ŝ11, ŝ12, ŝ21, and ŝ22 are recorded from the
VNA. Then, the differential impedance (Zd) of the antenna
can be derived from the measured S-parameters by [23]

Zd = 2Z0(1 − ŝ11 ŝ22 + ŝ12 ŝ21 − ŝ12 − ŝ21)
(1 − ŝ11)(1 − ŝ22) − ŝ21 ŝ12

, (3)

where Z0 is the characteristic impedance of the system, which
is equal to 50 V for most measurement systems.

Figure 9 presents the comparison between the calculated
and measured impedance of the fabricated tag antennas. It

Fig. 8. Impedance measurements: (a) the measurement setup and (b) an impedance measurement of a printed antenna.

Fig. 9. Calculated and measured impedance results of the fabricated tag antennas: (a) the 0.36l straight dipole antenna, (b) the ink-reducing 0.36l straight dipole
antenna, (c) the 0.25l meander dipole antenna, and (d) the ink-reducing 0.25l meander dipole antenna.
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can be observed that the measured impedance data of the
straight dipole antenna and the meander dipole antenna are
fairly consistent with the calculated results. Figure 10 illus-
trates the impedance measurement results and the defined
impedance data obtained from the datasheet of the employed
RFID chip. The measured resistance results agree quite well
with the defined resistance data. However, the differences
between the measured and defined reactance results are
larger at lower and higher frequencies. To some extent, the
deviations may be caused by the measurement inaccuracy
and the manufacturing imperfections of the employed
RFID chip.

To examine the quality of impedance matching between
the fabricated tag antennas and the employed RFID chip,
the measured S11 results are derived from the measured
antenna impedance results and the measured chip impedance
results using equation (2). The calculated S11 results are
derived from the calculated antenna impedance results and
the defined chip impedance data. The calculated and mea-
sured S11 results of the fabricated tag antennas are shown in
Fig. 11. It is noted that the calculated and measured S11

results of each antenna are in good agreement and reach the
minimum point at around a frequency of 922.5 MHz. Here,
the slight offsets observed between the calculated and mea-
sured S11 results are mainly caused by the deviations
between the measured and defined impedance data of the
employed RFID chip. The results suggest that the proposed
ink-reducing antenna designs are well-matched with the
RFID chip at the designed operating frequency of
922.5 MHz. Table 3 summarizes the calculated and measured
results of the impedance and S11 of the RFID tag antennas and
RFID chip at 922.5 MHz.

C) Read range measurement
The read range measurement is done inside the Micronix
ME8661B anechoic chamber box as illustrated in Fig. 12.
An RFID tag under test and an 8.94 dBi linearly polarized
reader antenna are placed inside the chamber box. The mea-
sured RFID tag is placed at a distance of 1 m from the reader
antenna. The reader antenna is fed by an Alien ALR-9900
RFID reader connected to a computer located outside the

Fig. 10. Measured and defined impedance data of the employed RFID chip.

Fig. 11. Calculated and measured S11 results of the fabricated tag antennas: (a) the 0.36l straight dipole antenna, (b) the ink-reducing 0.36l straight dipole
antenna, (c) The 0.25l meander dipole antenna, and (d) the ink-reducing 0.25l meander dipole antenna.
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chamber box. The transmitted output power from the reader
antenna is varied by adjusting the attenuation level. Then, the
minimum power level at which the reader can still communi-
cate with the RFID tag (Pmin) is recorded. The tag’s read range
can be determined by [25]

r = d

��������
EIRP

PminLgt

√
, (4)

where L is the loss of the connecting cable, gt is the gain of the
transmitting antenna, and d is the distance of the reader
antenna to the tag.

Table 4 presents the calculated and measured gain, and
read range results of the fabricated RFID tags. Note that the
measured antenna gain results are obtained from the next
section. It is noticed that the measured read range is slightly
shorter than the calculated ones. The 0.36l straight dipole
antenna delivers the read range of 6.92 m which is the
longest read range among the fabricated designs, while the

0.36l straight dipole antenna with hollowed-out arms
achieves a slightly shorter read range of 6.45 m. The 0.25l
meander dipole antenna delivers a read range of 5.54 m,
while the optimized ink-reducing design achieves a read
range of 4.71 m. In summary, the measured results are quite
consistent with the calculated results.

D) Radiation pattern measurement
The radiation pattern of the printed antenna is also measured
inside the Micronix ME8661B anechoic chamber box using
the Single-ended/Balanced topology of the four-port Keysight
PNA-X N5245A VNA. The fabricated printed antenna is
placed on a turn table in the chamber box. The measured
results of the ink-reducing designs are normalized to the
maximum measured gain values of the conventional fully
filled antenna counterparts. The maximum values of the mea-
sured antenna gain results for the antenna designs under con-
sideration are summarized in Table 4.

The measured and simulated radiation patterns of the
0.36l straight dipole antenna designs and the 0.25l
meander dipole antenna designed are displayed in Figs 13
and 14, respectively. The H- and E-plane radiation patterns
of the conventional and ink-reducing dipole antenna designs
are compared. It can be seen that all of the printed antenna
designs under consideration achieve the omni-directional
radiation pattern in the H-plane. Furthermore, the measured
and simulated radiation pattern results are quite consistent.
The results confirm that the radiation patterns of the proposed
ink-reducing hollowed-out arm antenna structure resemble
those of the conventional solid-arm dipole antenna designs.

V I . C O N C L U S I O N

This paper presents an optimized dipole antenna design that
can achieve good antenna performance and offers a consider-
able ink consumption reduction. The antenna arms of the

Table 3. Impedance and S11 results of the RFID tag antennas and RFID chip at 922.5 MHz.

Antenna Resistance
(calculated) (V)

Reactance
(calculated) (V)

S11

(calculated)
Resistance
(measured) (V)

Reactance
(measured) (V)

S11

(measured)

0.36l straight dipole 14.58 127.2 233.9 dB 20.82 126.1 222.1 dB
Ink-reducing 0.36l

straight dipole
15.99 126.0 223.2 dB 19.94 125.8 222.4 dB

0.25l meander dipole 14.41 126.6 237.2 dB 17.17 127.8 226.2 dB
Ink-reducing 0.25l

meander dipole
17.80 127.0 218.7 dB 19.83 131.0 216.1 dB

RFID chip 14.10 2126.9 – 18.80 2128.5 –

Fig. 12. Read range measurement setup inside an anechoic chamber box.

Table 4. Read range results of the fabricated RFID tag antennas.

Antenna Gain (calculated)
(dBi)

Gain (measured)
(dBi)

Read range (calculated)
(m)

Read range (measured)
(m)

Ink volume
(mm3)

0.36l straight dipole 22.63 23.51 7.01 6.92 0.288
Ink-reducing 0.36l straight

dipole
23.28 24.08 6.50 6.45 0.174

0.25l meander dipole 24.26 24.38 5.63 5.54 0.428
Ink-reducing 0.25l meander

dipole
24.79 25.07 5.27 4.71 0.230
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proposed designs are hollowed out, so that much less ink is
used to fabricate the RFID tags. The matching loop section
should not contain a hollowed-out area. Otherwise, the per-
formance of the RFID tag would drastically degrade. The pro-
posed ink-reducing dipole antenna designs can achieve
comparable performance, reduce ink consumption by
almost half, and maintain the omni-directional radiation
pattern over the H-plane. The proposed designs are fabricated
using the inkjet printing technology for design verification.
The measured and simulated performance results are quite
consistent. For future research work, the proposed
ink-reducing meander dipole antenna structure may be com-
bined with other existing and new techniques to obtain better
tag antenna designs.
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