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ABSTRACT This study presents a novel miniature ultra-high frequency (UHF) radio frequency identifi-
cation (RFID) tag for metallic objects. Its arrangement includes a U-shaped feeder, which is inductively
coupled to two E-type connected patches. Size reduction is achieved by means of utilizing the U-shaped
feeder, and introducing a defection in the connection between the two E-type patches. The defection in the
connection area between the patches modifies the current distribution by increasing the electrical length,
and the antenna inductance. Furthermore, increasing the length of the U-shaped structure significantly
raises the antenna inductance and, consequently, the flexibility of the structure for the impedance matching
purpose. Polytetrafluoroethylene (PTFE) is employed for the fabrication of the designed tag. The tag’s size
is 65 mm × 20 mm × 1.5 mm, and does not require any complex fabrication process such as utilization of
metal vias and/or shorting stubs. It is observed that with 4W EIRP, the measured detection distance is 6.9 m
when it is attached onto metal sheets (20 cm×20 cm), and 5.54 m when it is in free space. The measurement
results also are in good agreement with the simulated results.

INDEX TERMS Defected microstrip surface, impedance matching, metal mountable tag antenna, miniature
UHF tag antenna.

I. INTRODUCTION
Owing to its numerous advantages, the demand for radio
frequency identification (RFID) tagging technology has
increased significantly, and is being leveraged by the industry
for various applications such as inventory management, asset
tracking, electronic toll collection, and patient monitoring
[1]–[4]. A miniature RFID tag antenna is a suitable candidate
for meeting the trending market demands for such applica-
tions. However, the tag antenna performance can be affected
directly by objects it is mounted on, particularly metallic
surfaces [5], [6].
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The dipole antenna has been extensively used for design-
ing metal mountable tag antennas. In [7], a single layer
tag antenna, consisting of a folded dipole integrated with
outer strip lines, has been designed to achieve increased
inductance for impedance matching, but its bandwidth and
radiation efficiency were low. The foam-attached tags in [8]
and [9] have been constructed from the label-type dipoles
with a spacer, in order to reduce the effects of the backing
metallic surface. These tags showed otherwise (i.e., in the
absence of spacer) a significant deterioration in the radi-
ation performance. An alternative method [10], utilized a
ceramic (high permittivity) substrate to realize miniaturiza-
tion, which resulted in an improvement radiation perfor-
mance. However, this approach has significantly increased
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the cost. Furthermore, a folded dipole with the multi-parallel-
bar ground was designed by means of a multilayer configura-
tion [11]. The reported structure has an implementation issue
due to its bulky size. The design of microstrip patch tags for
metal mountable tag antenna has been investigated in [12],
yet it is not practical for many applications due to its large
footprint. In addition, miniaturization of the patch has been
reported by incorporating shorting vias/pins [13]. However,
this method requires complex and costly fabrication process,
as it involves intricate procedures, whereas the tuning of the
operation frequency is sensitive, tedious, and largely affected
by the position of the metallic vias [14].

Planar inverted-F antenna (PIFA) [15] has also been
utilised in the design of metal mountable tags. However,
it employed a vertical feeding approach and shorting ele-
ments, which led to complex and expensive fabrication pro-
cess. Other researchers have proposed a folded-patch antenna
with shorting stubs for the purpose of reducing the resonance
frequency [16]–[20]. Further miniaturization is achieved by
increasing the tag thickness to 3 mm [21], or utilizing three
conductor layers, and two foam substrates [22], [23]. How-
ever, the tag performance exhibits a significant sensitivity to
the position of stubs. Also, it features considerable thickness
and a dual-layer structure, therefore, it is not practical for cer-
tain applications. In addition, the employment of adhesives
to maintain the structure unity is problematic. Moreover, the
design of a miniature folded-patch tag antenna poses another
difficulty, which is extremely low radiation resistance [23].
This makes realization of matching between the antenna and
IC chip a challenging task, whereby the tag’s power transmis-
sion coefficient (τ ) suffers significantly. Other studies pro-
posed the utilization of the electromagnetic bandgap (EBG)
structure by etching the ground layer with a periodic arrange-
ment of circles-shaped slots [24] or by employing EBG
cells with vias placed around the antenna [25]. Furthermore,
the artificial magnetic conductor (AMC) method is used to
improve the tag’s gain. In [26], a high permittivity AMC
substrate contains offset of vias; however, the tag antenna
and the AMC substrate are separated by foam spacer. In [27],
an air gap spacer for reducing the metallic surface effects
had employed between tag and metallic sheets which would
significantly affect the antenna gain otherwise. A 3D tag
antenna has been suggested in [28] where the tag antenna is
attached directly to the reflector surface for long read range.
In [23], the tag antenna loaded orthogonally with parasitic
substrate for bringing the resonant frequency down. Although
the mentioned approaches improve the tag’s performance, the
cost and structural complexity are considerably increased.

Defected microstrip structure (DMS) has the operative
capability to miniaturize the antenna size, control the per-
formance, helps achieving electromagnetic interference noise
immunity, and, due to its simple geometry, the ability to
be easily integrated within the design structure [29]. The
defect in the antenna structure defines the resonance char-
acteristics in the frequency response. Furthermore, it can
increase the electrical length and alter the surface current

density, which can result in the improvement of the antenna
inductance, and, hence, the ability to design a miniature
compact ultra-high frequency (UHF) RFID. Other implemen-
tations of DMS in the realm of RFID tag antennas include
achieving dual-polarization [30], gain improvement [31], and
circular-polarization [32]–[34]. By exploiting DMS as a way
of increasing the antenna inductance, in this research, we aim
to miniaturize the tag antenna size, while keeping its perfor-
mance upheld.

The utilization of inductively coupled feed in U-shaped
feeders was first proposed in [35], to encounter the conju-
gate matching obstacle. In [31], the U-shaped feeder was
utilized to feed the defected patch, in that, the defection was
implemented for accomplishing gain improvement. Here, the
U-shaped feeder and DMS are integrated in an attempt to
design a miniaturized single-layer tag antenna with a sim-
ple physical construction in contrast with reported work in
[8]–[23], which required complex fabrication, thereby raising
the overall cost. Our upfront goal is to design a miniature
simple single-layer structure, which is suitable for mass pro-
duction. It has been ensured that this new structure does
not require tedious manufacturing when it is realized as a
part of the hardware. The complex manufacturing methods
required for the structure reported in the literature works
should be avoided, while comparable or better results in terms
of antenna performance are to be achieved.

In this study, a metal mountable UHF RFID tag antenna
is proposed, which is comprised of a single-layer substrate
with the defected surface. The tag antenna is designed using a
U-shaped inductive feed, integrated with two E-type patches.
The defection has been introduced in the connection area
between the two E-type patches. The structure provides flex-
ible tuning mechanism for the resonance frequency. Con-
sequently, the U-shaped feeder has the ability to achieve
matching with any IC chip. The designed tag is fabricated
on a slab of Polytetrafluoroethylene (PTFE). The structure
is cheap and simple to fabricate, unlike previously reported
tags, which are associated with costly fabrication procedures,
and complex manufacturing. It is observed that the proposed
design has acceptable measured read range in comparison
with previous studies. The obtained read range on various
sizes of metallic surfaces, reading patterns, and realized gain
have been presented. The simulation results have been vali-
dated through the measurements of the fabricated prototype.

II. ANTENNA DESIGN
A. ANTENNA STRUCTURE
The proposed miniature single layer tag antenna for the
on-metal application is displayed in Fig. 1. U-shaped feeder
structure based on inductive coupling technique serves the
purpose of feeding the patches through transmission lines.
The transmission lines are directly integrated with two E-type
patches. The copper trace connecting the upper and lower
arms of two E-type patches has been etched out in order
to introduce defection. This defection reduces the resonance
frequency and hence aids in size miniaturization. PTFE has
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been used for the fabrication of the tag having thickness of
1.5 mm, dielectric constant of 2.55 and loss tangent 0.0015.
Higgs 4 strap IC chip has been fixed in the middle of the
tag structure as shown in Fig. 1. The input impedance of the
selected IC chip is 20.97− j193.16�with reading sensitivity
of −20.5 dBm. The structure of the Higgs 4 strap has been
illustrated in [36], designed precisely via Computer Simula-
tion Technology (CST) simulator. The proposed design has
been optimized for operating over UHF band, particularly the
North American band (902 − 928 MHz). The tuning of the
resonance frequency performed by varying the dimensions of
the U-shaped feeder and optimization of the defection area by
means of parametrical analysis is presented at later stage in
this study.

FIGURE 1. Antenna geometry Sx = 65, Sy = 20, L = 23.3, W = 2, S = 0.2,
U = 3, T = 2, G = 3, S1 = 0.5, S2 = 0.8, A = 3, B = 5, DL = 23, DW = 1.5
(unit: mm).

FIGURE 2. The input impedance of the proposed miniature tag antenna at
three stages and final tuning.

B. DESIGN PROCEDURE
The CST simulator was utilised to design and optimize the tag
antenna dimensions. Since this work focusses over on-metal
applications, the tag antenna was designed while being posi-
tioned on the top of a perfect electrical conductor (PEC) with
a thickness of 1 mm.

Generally, a tag antenna with a size less than 2500 mm2

possesses a relatively high resonance frequency. Hence,
designing a miniaturized tag antenna by reducing its res-
onance frequency to UHF band is an intricate procedure.
In order to attain this, we propose to increase the inductance
of the antenna by introducing a defect in the area where the

two patches are connected, along with optimization of the
U-shaped feeder dimensions.

In the first stage, the U-shaped feeder with two E-type
patches was solely simulated, while the Higgs 4 IC chip was
attached to the centre of U-shaped feeder. It was observed
that the structure resonated at 1.2 GHz, higher than our
desired frequency band. In the second stage, the defect was
introduced by etching out the outer parts of the area con-
necting the two E-type patches, as displayed in Fig. 2. This
tuned the resonance frequency down to 1.1 GHz. In the third
stage, the same area was defected on its inner sides as well,
thereby bringing the resonance further down, close to the
desired UHF band. Finally, fine tuning of resonance fre-
quency to exact UHF RFID band was achieved by optimizing
the U-shaped feeder dimensions and defection area. All these
steps are clearly depicted in Fig. 2. Therefore, the defection
area can be dominantly attributed to bringing the tag antenna
resonance frequency over the UHF band and subsequently
attaining the miniature size without utilising any complex
structure, which in fact reduces the cost of mass fabrication.

C. PARAMETRIC STUDY
The ultimate performance of the tag antenna could be
obtained by impedance matching between antenna and IC
chip. This can be achieved by tuning the dimensions of
U-shaped structure and modifying the defection area. The
strength of inductive coupling is defined by the dimensions
of U-shaped feeder (L and W ) and the gap between the
feeder and transmission line (S). In [35], The antenna’s input
impedance (Zin ) as seen through the centre of the U-shaped
structure is given as,

Zin = Rin + jXin = Zu + (2π f0M )2/Zant (1)

where Zant is the antenna’s complex impedance, M is the
inductive mutual coupling, and Zu is the U-shaped feeder’s
impedance which can be expressed as

Zu = 2Ru + j2π f0(2Lu) (2)

The antenna input impedance, with the assumption that the
effect of the substrate is minimal can be written as

Zin =
[
2Ru + (2π f0M )2/Rant

]
+ j4π f0Lu (3)

where f0 is the resonance frequency,M is the inductivemutual
coupling, Rant and Ru are the resistance of the antenna and
U-shaped feeder; respectively, and L is the U-shaped feeder
length.

According to the Zin equation, the reactance of the tag
antenna can be determined by the length of the U-shaped (L),
while the resistance can be controlled by means of the
radiating antenna (M and Rant ). Furthermore, the defection
was employed to increase the antenna reactance by raising
the current density and increasing the electrical length [37].
Therefore, the techniques of U-shaped feeder as well as the
defection between two E-type patches, incorporated in the
design approach result in aminiature tag antenna with notable
performance.
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In this section parametric study of the dimensions of
U-shaped feeder and defected area is shown to detail the
optimization procedure for resonance frequency tuning.
Fig. 3 shows the tuning of L andW . Initially L was tuned from
18 mm to 23.5 mm while W was fixed at 2 mm. As evident
from Fig. 3(a), the tag’s resonance frequency was shifted
down from 1.082GHz to 0.915GHz at the rate 30MHz/1mm.
Next, the W was changed from 0.5 mm to 2 mm and L was
fixed at 23.5 mm. The tag’s resonance frequency tuned down
at a rate of 10MHz/0.5 mm and is shown in Fig. 3(b).
The tuning of power transmission coefficient with respect

to defection area connecting the two E-type patches is shown
by parametric analysis in Fig. 4, where the detailed effect
of dimensions of defect (DL and DW ) are studied. Tuning
DL from 4 mm to 28.3 mm shifted the power transmission
coefficient from 1.2 GHz to 0.915 GHz while the DW was
maintained constant at 1.5 mm.

FIGURE 3. The input impedance of the tag while (a) L was tuned from
18 mm to 23.5 mm (b) W was changed from 0.5 mm to 2 mm.

This is displayed in Fig. 4(a). Similarly, changingDW from
0.5mm to 1.5mm brought the power transmission coefficient
at the centre of North American band (915MHz) as shown in
Fig. 4(b). The optimization of U-shaped feeder and defection
area connecting the two E-type patches is attributed to raising
the antenna inductance, which resulted in designing a minia-
ture tag antenna having ideal power reflection coefficient
(τ = 1), evident in Fig. 4.

D. CURRENT ANALYSIS
The surface current profile of the proposed tag antenna while
being attached to the centre of PEC is shown in Fig. 5. The
defection in the connecting area of E-type patch has the

capability to alter the overall surface current density which
also increases the electrical length of the antenna. Thus,
miniaturization was achieved as a result of increasing the
inductance. It can be seen from Fig. 5 that the surface current
density has increased on the strip lines, as an effect of defec-
tion. The maximum current surface density has increased
from 67A/m to 87A/m. In addition to this, as illustrated
in Fig. 3 and Fig. 4, the alteration in the surface current
distribution area on antenna also resulted in a significant
change in the tag’s impedance and resonance frequency [38].
This explains the obtained impedance matching between the
antenna and IC chip at the operating frequency.

FIGURE 4. The power transmission coefficient of the tag while optimizing
the defection area (a) length (b) width.

III. RESULTS AND DISCUSSION
The realized gain (Gr ), read range (r), and tag sensitivity
(Ptag) of the proposed structure has beenmeasured usingVoy-
antic Tagformance Pro measurement system. The experiment
setup in anechoic chamber is shown in Fig. 6(b). As can be
seen, the tag was placed in the centre of metal plate (20 cm×
20 cm). The distance between tag antenna and reader was kept
at 51 cm. Both were arranged in boresight (θ = 0◦) direction
from each other. Furthermore, the measured setup supports
the matching factor to be equal to one, since the reader and
tested antennawere aligned in parallel. The detection distance
formula can be derived from Friis formula as given in [37],

r = (λ/4π)
√
(PEIRP/Ptag) (4)

The results of measured and simulated Gr of the proposed
structure is shown in Fig. 6(a). It shows that measured Gr
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FIGURE 5. The distribution of the surface current (a) before (b) after
defection.

FIGURE 6. (a) Realized gain and tag sensitivity of the tag (b) read range of
the tag on metal and in the free space.

is obtained as −8 dB while the simulated Gr is equal to
−5.53 dB at resonance frequency. Fig. 6(a) also shows that
the measured Ptag result (obtained from measured r). It is
−12.45 dBm at resonance frequency. The compact size of the

designed tag and the use of low-profile substrate (1.5 mm)
justify the value of the radiation efficiency (below 10%). This
explains the obtained value of Gr where higher gain required
thick substrate [39]. As can be seen, the trend of the measured
results correlates well with the simulation results. The slight
difference between individual values can be attributed to
measurement alignment issues, fabrication defects, IC chip
variation, and design tolerance. The measured and simulated
detection distance is exhibited in Fig. 6(b). The results show
that the measured read range is equal to 6.9 m (at 919 MHz)
when mounted on metal sheet and 5.54 m (at 918 MHz) in
free space. The simulated Gr is −6.78 dB in the fee space.
The simulated read range on PEC surface is equal to 9.23 m.
Again, a good correlation among results can be observed.

FIGURE 7. Read pattern of the tag on various planes (a) X-Y plane,
(b) X-Z, and Y-Z planes.

Fig. 7 shows the response of the tag to the reader (read pat-
tern) that defines the graphical representation of the radiation
characteristics. In the setup test (Fig. 6(b)), the tag antenna
was rotated around its own origin during measurement while
the distance between tag antenna and reader was maintained
constant. The read pattern for yz, xz, and xy planes are plotted
by rotating the tag around x-, y-, and z-axis respectively.
The maximum detection distance was observed to be at the
boresight. When the tag was rotated beyond θ = ±90◦, the
truncation of the detection of the tag was observed as a result
of metal sheet.

The performance of the proposed miniature tag antenna
has also been tested for various sizes of metal sheets. The
dimensions (Width D and Length C) were varied to study
their effect on read range. Initially, the D of the metallic
sheet was varied from 10 cm to 20 cm (for C = 20 cm).
The results in Fig. 8(a) shows that the measured detection
distance was decreased to ∼3.5 m for D = 10 cm (simulated
Gr = −9.89 dB), indicating that the performance of metallic
sheet as reflector was significantly affected. At the second
stage, as shown in Fig. 8(b), the values of C were varied from
10 cm to 20 cm (for constant D = 20 cm).
Here, it was observed that the detection distance of the

tag in all cases was maintained at 6.9 m. This indicates that
the function of metal sheet as a reflector was not affected,
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thereby giving a stable tag performance. From above results,
it can be inferred that reducing C to 10 mm does not affect
the electrical flux line strength in the boresight. However,
reducing the value of D to 10 cm leads to a reduction in
electrical flux strength in the boresight and decreases the
detection distance to ∼3.5 m at D = 10 cm.

FIGURE 8. Measured read range of the tag at various dimensions
(a) D (b) C .

Next, we compare performances and physical properties
of the proposed miniature tag antenna with other similar
studies where the tag antenna has been designed for metal
mount applications with single layer structure and thickness
below 2 mm. The results of these comparisons are given in
Table 1. In [7] the tag antenna had a simple structure and
did not require complex fabrication process but its detection
distance did not exceeded 3.5 m. The reported tag in [10]
was comprised of a single layer and attained reading range
of 2.65m. Although the proposed tag was compact, it utilized
costly high permittivity substrate. In [27], a read range of 10m
was achieved; however, the design utilized an air gap spacer
to reduce the effect of the metallic surface on the performance
of the tag. Folded-patch tag antenna with shorting stubs was
introduced in [16] and [17] with a reading range of 6.3 m
and 5.2 m, respectively. Furthermore, miniaturization was
obtained in [37] by loading non-resonating ring underneath
the folded-patch, which made fabrication process complex.
However, this miniaturized structure achieved a read range
of 6.62 m.

In [25], electromagnetic bandgap (EBG) cells were
employed around the antenna in order to enhance the

radiation efficiency of the tag where its reading range
improved 1.2 m. However, it possessed a complex structure
where its cost significantly increased because ofmetallic vias.
In [30], a tag antenna with dual polarization was constructed
from dual PIFA antennas for metal mountable applications.
A read range of 10.2 m was attained. Similar to the above-
mentioned study, the fabrication process was complex and
costly due to 12 metallic vias. Similarly, metallic vias were
introduced in [40] for miniature purpose where its reading
range did not exceed 2.5 m. The utilization of metallic vias
increased the fabrication cost and complexity. Reported work
in [41] utilized a PIFA antenna with 8metallic vias which also
is not suitable for mass production.

In [31], the simple tag antenna comprises U-shaped feeder
and defected patch had reported in purpose of gain improve-
ment. The size of the proposed structure in comparison to [31]
has shrunk 63% while its performance degradation, in terms
of its read range, has only been 18.3%. In contrast to the
above works, our proposed design use a simple and compact
metal-mountable tag antenna design which composed of a
U-shaped feeder and a defect in the connecting area between
the two E-type patches. This design does not incorporate
any complex fabrication technique, is purely planar with
low profile (thickness of 1.5 mm), low in cost, and offers
easy design flexibility owing to the U-shaped feeder and
the defected structure.Moreover, the performance parameters
of the proposed design are comparable to the results of the
designs from other works. Owing to these benefits, therefore,
our proposed design is extremely suitable formass production
of metal mount tag antenna applications.

TABLE 1. Comparison table of UHF RFID metal mountable tags

IV. CONCLUSION
In this research, a simple miniature low-profile tag with
easy design flexibility unlike literature works that demand

47306 VOLUME 10, 2022

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


F. Erman et al.: Miniaturized Metal-Mountable U-Shaped Inductive-Coupling-Fed UHF RFID Tag Antenna

complex and costly fabrication procedures is suggested.
It was fabricated based on the utilization of U-shaped feeder
and defection in the connecting area between two E-type
patch structures. The flexibility of U-shaped feeder to match
any sort of IC chip and the effect of defection on increas-
ing the antenna inductance were the main characteristics of
miniaturized tag antenna design. Its performance is notable
and the proposed structure is suitable to be mounted on
metallic objects. It was observed that the read range of the tag
was 6.9 m while being mounted onto 20 cm × 20 cm metal
sheet. The proposed tag can be operated over UHF North
American band and its radiation efficiency does not exceed
10% due to its compact size and low-profile structure.
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