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ABSTRACT A multi-loop travelling-wave ultra-high frequency (UHF) radio frequency identification
(RFID) near-field antenna (NFA) is proposed and investigated. To achieve strong and uniform magnetic
field, as well as extendable reading range, multiple A/2 rectangular loop structures printed on both sides of
an FR4 substrate is adopted. Via the RFID system measurement for magnetic field distribution, the maximum
reading range of the proposed NFA is 11 cm, and its corresponding 100% reading rate distance is 5 cm. Here,
broad 10-dB impedance bandwidth of 18.7% (816-984 MHz) was measured, which can cover both ETSI
(European Telecommunication Standards Institute) and FCC (Federal Communications Commission) bands.

Parametric studies are further carried out to facilitate the design and optimization processes.

INDEX TERMS UHF RFID, near-field antenna, travelling wave, multiple loop.

I. INTRODUCTION

Radio frequency identification (RFID) has been a widely
used non-contact automatic recognition technology for wire-
less identification and tracking ability. Typical RFID system
includes reader, tag and post-processing system, and it is
conventionally divided into far-field system (FFS) and near-
field system (NFS) based on operating distance [1]. For NFS
that operates in the ultra-high frequency (UHF), it can provide
higher data-rate and read-rate than those in high frequency
(HF) or low frequency (LF) [2]. In addition, HF and LF
antennas are mostly multi-turn loop structures because of
long wavelength. In contrast, the antenna wavelength in the
UHF band is much smaller. Because the reader antenna can
directly affect the system operating distance, research and
development for UHF RFID near-field applications in recent
years have been focusing on its NFA designs, in which the
near-field inductive coupling type is commonly used [3].
Here, it is noteworthy that the near-field inductive coupling
systems are rarely affected by adjacent metal or liquid, and is
only affected by objects with high magnetic permeability. For
inductive coupling, the energy is mainly stored in the form of
magnetic field, which requires the reader antenna to produce
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strong and uniform magnetic field in the near field zone.
Different from the traditional miniaturization of the antenna,
one of the pursuits of the UHF near field RFID reader antenna
is to have a large size, as it is the basis for obtaining a large
planar reading range.

NFA for near-field UHF RFID applications can be
divided into three types, namely, loop antenna, oppositely
directed currents (ODCs) structure antenna and travelling-
wave antenna. For loop antenna, it is impractical to directly
adopt conventional solid-line loop structure, because at UHF
band such structure in target area will always produce reverse
currents, thus greatly weaken the magnetic field intensity
and adversely affect the field uniformity. Here, one typ-
ical method to eliminate the reverse currents is to adopt
segmented line structure [4]-[11], and the other method is
to insert components such as capacitances [12] and phase-
shifter stubs [13], so that the incurred phase delay can be
compensated. To form electrically large loops, dipole struc-
ture designs have also been reported in [14], [15]. For ODCs
structure antenna, the design is based on the phenomenon that
the magnetic field intensity is added up when the currents
on two adjacent lines flow in the opposite direction [16].
Therefore, it is common to adopt dipoles generating in-
phase current and magnetic field distribution [17]-[19]. For
travelling-wave antenna design [20]-[25], there always exist
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energy dissipation components to decrease the antenna qual-
ity factor (Q), which results in frequency-selective fading
and partly increasing the impedance bandwidth. On the other
hand, the traveling wave antenna energy is gradually lost and
radiated with transmission, and it is easy to design a larger
antenna size and reading area. Therefore, the traveling wave
antenna structure is selected as the preferred design in this
work.

With regard to UHF RFID NFA design, it is crucial to
consider the following three performances, namely, magnetic
field distribution, bandwidth and far-field gain [26]. Here,
a strong and uniform magnetic field distribution is usually
a prerequisite requirement for NFA design, in which the
current phase must also be taken into consideration. As there
are many standards for UHF RFID, such as the European
Telecommunication Standards Institute (ETSI) and Federal
Communication Commission (FCC) standards, it would be
an added advantage if the NFA has broadband characteristic
that can cover the UHF RFID universal band (840-960 MHz).
Lastly, a low far-field gain can reduce interference from
metal or objects in the far-field for some applications.

In this paper, an NFA with multi-loop structure is proposed.
Each loop structure is a double-sided printed A/2 loop that
can exhibit co-directional current distribution and extend-
able reading range. In addition to that, lumped resis-
tances are embedded into antenna that greatly reduces the
antenna Q value. Because of the above design features,
the proposed NFA can demonstrate both strong and uni-
form magnetic field distribution and broadband character-
istic. Notably, this reported work is an extended version
of the one reported in [27], in which our modified version
has shown better impedance matching (VSWR 1.5 or return
loss >14 dB) across the desired Universal UHF RFID band
(840-960 MHz), and we have explicitly explained the design
process and methodology. In addition to that, extensive para-
metric studies are also carried out to explore the operating
mechanism of the proposed NFA, which provide useful infor-
mation for antenna optimization.

Il. ANTENNA CONFIGURATION AND DISCUSSION

The top and side views of the proposed NFA with multi-loop
structure are shown in Figs. 1(a) and (b), respectively. It is
composed of a small ground (220 mm x 80 mm), feeding
line, narrow-loop matching circuit (match network) [4] and
eight rectangular loop structures, and they are printed on both
sides (top and bottom) of a 1 mm thick FR4 substrate (relative
permittivity of 4.4 and loss tangent of 0.02). Each rectangular
loop is formed by incorporating two semi-loops, in which one
of them is printed on the top side of the FR4, whereas the other
one is printed on the bottom side. Therefore, the magnetic
field is reinforced inside the loop, which is defined as the
interrogation zone of the antenna. The detailed configuration
of the semi-loop is also shown in Fig. 1, and because the
overall dimension of the semi-loop is approximately A/4,
the perimeter of each rectangular loop is approximately A/2.
Here, each semi-loop is embedded with a lumped resistor
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FIGURE 1. Geometry of proposed NFA structure: (a) top view, (b) side
view.
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FIGURE 2. Schematic diagram of proposed NFA that can excite two
different groups of current flows.

(R1 = 4.7 2), and thus each rectangular loop will be loaded
by two lumped resistors Ry . A different lumped resistor (R, =
10 Q) is soldered at the terminal of the NFA, connecting
the top and bottom printed series semi-loops together. The
reason for applying these lumped resistors is to decrease the
Q value, so that the impedance bandwidth of the proposed
NFA can be improved. Even though these lump resistors will
also incur a reduction in gain and radiation efficiency (20% at
915 MHz), at the same time, they can avoid the interferences
from the far-field unwanted tags and nearby metal when
undergoing normal near-field operation of the proposed NFA.
Details of these lumped resistances will be further analyzed
and discussed in Section III.

Fig. 3 shows the equivalent circuit of the proposed NFA
as depicted in Fig. 1. For brevity, the equivalent circuit of
the match network is not included. As shown in Fig. 3,
because there are 8 loops connected in parallel to each other,
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FIGURE 3. Equivalent circuit of proposed NFA.

TABLE 1. The detailed parameters of the proposed NFA.

Ly L, Wy R, R,
2 mm 9.25 mm 3 mm 4.7Q 10 Q

for simplicity, we only show the equivalent circuit of first
loop, partial of 61 loop, 7™ loop and last loop (8 loop).
Here, each loop can induce an equivalent loop inductor L,
in which L1 and L7 refers to loop inductor 1 and loop inductor
7, respectively. Through energy analysis, the energy loss of
the proposed NFA is mainly divided into two parts, namely,
the thermal loss (represented by Rc, including dielectric loss
and resistance loss) and the radiation loss (represented by Rr),
in which Rc7 and Rr7 are referring to the thermal loss and
radiation loss, respectively, incurred at the 7™ loop. Lastly,
due to the coupled energy between two loops, it is analogous
to an equivalent capacitor Ci, where i is an integer number
(from 1 to 7) referring to the coupling equivalent capacitor
between two parallel loops. For example, C6 is referring to
the coupling equivalent capacitor that incurs between the 6
loop (right side of the longer loop) and 7™ loop (left side
of the longer loop), and C7 refers to the coupling equivalent
capacitor incurred between the 7 loop and last loop.

By further observing Figs. 1 and 2, the number of rectan-
gular loop structure adopted in the proposed NFA is eight,
and the main reason for that is the 8th loop and matching
stub can form two current distribution groups (of different
direction, clockwise and anti-clockwise), in which the current
flow observed on the loop of either group will be kept in
the same direction. Meaning that the current direction of
each group is the same, and therefore two independent and
equal magnetically readable regions are formed. Because
of that, this magnetic field distribution could bring unique
advantages/applications for sensitive products (such as bio-
logical or pharmaceutical products) that require precise loca-
tion/position tracking. In addition, the two out-phase current
areas can bring large phase difference in the back scatter tag
signals between two areas, which is useful for the users to
distinguish the location or specific area of a certain prod-
uct. Notably, the number of rectangular loop structures to
be chosen for different NFS is dependent on the required
interrogation range. The default parameters of the proposed
NFA in Fig. 1 are shown in Table. 1.

IIl. PERFORMANCES STUDIES AND ANALYSIS
Performances studies are carried out in this section to explore
the operating mechanism and detail optimization information
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FIGURE 4. The Sy, responses for different L/2.

of the proposed NFA. Magnetic field distribution with differ-
ent inserted lumped resistors R and R, are presented to dis-
cuss the resistance selection. Since the RFID tags are usually
parallel to the reader, more energy can be stored with stronger
vertical magnetic field intensity. Here, the z-component (H;)
magnetic field distributions and other simulated results were
performed via ANSYS HFSS 13 software.

In this work, the two types of resistors (R; and Rj)
employed in this structure are working as energy dissipation
components, and thus they are less sensitive with respect
to the resonant frequencies. Notably, the resonant frequen-
cies are greatly affected by the rectangular loop perimeter
and thickness. To clearly analyze the resonance mecha-
nism, the antenna model with theoretical current distribution
scheme has been shown in Figure. 2, and ideally, the current
on the outer loop of the antenna is in phase.

A. RECTANGULAR LOOP PERIMETER L

In order to keep the current flowing in a single direction,
each rectangular loop structure perimeter is required to be less
than A/2. By setting L as the perimeter, parametric studies are
carried out by tuning 1/2 the perimeter (L/2) of the rectan-
gular loop, which varies from 64.5 mm to 62.5 mm with a
step decrement of 0.5 mm, as shown in Fig. 4. Notably, the
variations of this L/2 are realized by tuning parameter L; from
9.75 mm to 8.75 mm (with step decrement of 0.25 mm). Here,
the lumped resistor R; is removed from the antenna (thus the
length of Ry, now known as Lg, is not included), and by tuning
L1, the entire L/2 will also be altered, which can be expressed
by the following equation (1):

L/2 = 2L, + 45 (mm) (1)

In Eq. (1), the fixed value 45 mm is the fixed combined
lengths of the two longer sides of the semi-loop and the length
of the stub, ignoring the two lengths L; and Lg, as shown
in Fig. 1(b). As shown in the bottom figure of Fig. 1(a), L/2 is
the irregular semi-loop length excluding Lg. When calculat-
ing the total length of the semi-loop, we would recommend
tuning only L1, based on Eq. (1). For example, the optimum
L1 in this case is 9.25 mm, thus applying Eq. (1) will yield
an optimum L/2 = 63.5 mm. Fig. 4 shows the reflection
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coefficient (S11) responses for different L/2 as aforemen-
tioned. Here, it is obvious that decreasing L/2 (varying only
Ly) will results in linear shifting of the resonant frequency
to the higher band (from 850 MHz to 968 MHz), because
of the reduced electrical length of the loop structure. Other
measures to expand the bandwidth will be discussed later.

B. THE EFFECTS OF RESISTORS R1 AND R2

The two resistors play a significant role in increasing the
impedance bandwidth of the propose NFA. As the resistances
of these resistors loaded in the antenna structure will greatly
affect the input impedance, the matching circuit needs to be
adjusted to compensate the impedance variation.

Figure 5 plots the simulated z-oriented magnetic field (Hz)
distribution in the near field for a set of Ry = {2 2, 4.7 Q,
10 ©, 20 2} while R, is fixed at 10 2 and the distance from
the NFA is 0.5 cm. It is also noteworthy that the simulated
input power is set to 30 dBm. In this figure, it can be observed
that most of the energy is assumed under the condition that
R; =10 Q2 or 20 €2, and the magnetic field intensity atten-
uates dramatically with currents propagation. Fig. 6 shows
their corresponding S1; curves. Even though the total size of
the antenna has far exceeded the desired wavelength for UHF
RFID band, one can see that single or dual resonant modes
can be excited by the antenna for different R;. For the case
when Ry = 4.7 Q, two resonant modes at near 850 MHz
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and 925 MHz are excited, and their combined operating
band (at VSWR 1.5) can cover the Universal UHF RFID
band. Notably, considering the effect on magnetic field and
impedance bandwidth, it is obvious that further increasing
R will shift the two modes to the lower frequency, while its
corresponding magnetic field will also decay. It is noteworthy
that the loss of the resistors occupies a certain proportion of
the total energy, and as such when R; = 4.7 €2, the energy
loss of the resistor accounting for approximately 20% to 25%
of the total energy loss, which is less than the dielectric loss.
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Fig. 7 plots the simulated z-oriented magnetic field (Hz)
distribution in the near field forasetof Ry = {2 2,5 2, 10 ,
20 2} under the condition when R; is fixed at 4.7 €2, and the
distance from the NFA is 0.5 cm. Its corresponding simulated
S11 curves are plotted and shown in Fig. 8. By observing
both figures, one can see that the magnetic field strength
and impedance bandwidth are only slightly influenced when
tuning R». The main for that is because R is located at the end
of the entire traveling wave antenna (analogous to the general
traveling wave antenna characteristics), whereby the heat loss
and radiation during the transmission are large, and as such
the remaining energy is less than 10% when transmitted to
R;. Therefore, the reflection or absorption of this remaining
energy by R, will have very little effect on the performances
of the antenna. Based on the above studies, the optimized
values for Ry and R, in this work are 4.7 © and 10 €2,
respectively.

C. THE FEED NETWORK PARAMETERS

In this design, the feed network is applied to work as an
impedance matching function, thus the size of feed network
will have major impact on the input impedance of the pro-
posed NFA. Specifically, the line width Wy (see Fig. 1(a)) has
a great impact on the input impedance, whereas very little
impact is seen when tuning the lengths of the paired strip
(Ps1 and Psp). Even though modify/tuning the feed network
parameters can significantly affect the input impedance of
the proposed NFA, its effect on the antenna’s magnetic field
distribution is very small. Thus the results of these parametric
studies are not shown in detail in the paper.

D. PERFORMANCE COMPARISON WITH CONVENTIONAL
LOOP ANTENNA

Fig. 9(a) shows the conventional loop antenna model which
has the same size with the proposed antenna. Fig. 9(b) shows
the magnetic field distribution of Fig. 9(a) at z = 0.5 cm. It
can be seen from Fig. 7 that the uniformity of the magnetic
field distribution of the proposed antenna is obviously better
than Fig. 9(b). The magnetic field of the conventional antenna
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FIGURE 10. The photograph of fabricated antenna.

is split in three pieces, because it is now a standing wave
antenna, and the current node point and the magnetic field
split point are fix. It can be seen that the “null reading
regions (dark blue region)” are very obvious even at a short
distance. From the perspective of impedance characteris-
tics, the traditional antenna is a standing wave antenna, and
the bandwidth is very narrow. In summary, compared with
the proposed antenna, the performance of the conventional
antenna is worse in terms of magnetic field distribution and
impedance bandwidth.

IV. ANTENNA PERFORMANCES

The proposed NFA was fabricated, and its corresponding
photograph is shown in Fig. 10. In this section, typical near-
field antenna performances such as bandwidth, magnetic field
distribution, far-field gain and reading range are investigated
and presented.

A. IMPEDANCE BANDWIDTH AND IMPEDANCE
MATCHING

The measured and simulated S1; of the proposed NFA are
shown in Fig. 11, and the two results agree well with each
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other. Here, the measured 10-dB impedance bandwidth was
approximately 18.7% (816-984 MHz), which can cover both
FCC and ETSI standards. If a much stringent standard is
required, the proposed NFA can still satisfied the Univer-
sal UHF RFID band requirement because the measured
1.5 VSWR or 14-dB return loss was 13.8% (831-955 MHz).

B. CURRENT, MAGNETIC DISTRIBUTION AND GAIN
Figure 12 shows the simulated current distribution of the
proposed NFA. The current distribution of the antenna is
obviously the same as the result of the analysis in Fig. 2.
Evidently, the currents in each rectangular loop (for the two
groups rotating in different direction, as shown in Fig. 2) are
kept in a single direction, which strengthen the magnetic field
intensity inside the central region of these two groups of the
NFA. The current causes the antenna to produce two stable
reading areas, which can be confirmed by the magnetic field
distribution.

Figure 13 shows the simulated transient H distribution
at 915 MHz for different vertical heights (along the z-axis),
which are 4 cm, 6 cm, 8 cm, and 10 cm. Obviously, the
field intensity will decay linearly with increasing height, but
there are two tag readable areas (contributed by the magnetic
field intensity inside the central region of these two groups
of the NFA). Fig. 14 shows the simulated H, distributions at
865 MHz in the same heights as Fig. 13. Similar conclusions
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as those at 915 MHz can be drawn. But at 868 MHz, the mag-
netic field strength of the two readable regions of the antenna
is more balanced at higher heights. Here, because the far-field
gain of the antenna is lower than 1 dB, and the radiation (beam
direction) of the proposed NFA is parallel to the antenna plane
and vertical to the direction of reading the tag, this radiation
pattern ensures that the proposed NFA is less susceptible to
interference from the far-field.

C. READING PERFORMANCES

To further verify the reading performances of the pro-
posed NFA, measurement experiments are carried out.
Fig. 15 shows the measurement configuration, in which the
experiment system is composed of three major parts, namely,
reader system (including the proposed NFA), post-processing
system and RFID tag. Here, the reader system applied is
an Impinj Indy R2000 reader with 30 dBm output power
at ETSI and FCC bands. Before conducting the experiment,
the proposed NFA surface is subdivided into 5 x 12 inter-
sections, and the size of each grid is 20 mm x 20 mm. The
RFID tag used in this experiment is a commercial J41 Impinj
near-field tag (of diameter 12 mm) with working frequency
of 860-960 MHz. The read sensitivity of this J41 tag is
—20 dBm, and the tag chip (of J41) used in the experiment is
Impinj Monza 4. The tag will be placed on each intersection
of the grid, and the detection measurements are repeated in
each intersection through changing the position of the tag.
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Notably, as of whether the tag is correctly detected or not, the
measured results are recorded by post-processing system.

Figure 16 shows the measurement results when the RFID
tag is positioned above the proposed NFA via a styrofoam
board of 3 different thicknesses (6 cm, 8 cm, and 10 cm).
At 4 cm reading range, the tag can be successfully read by
the proposed NFA (via all the grids), however, when it is
positioned at 6 cm, only two grids are not detected. For the
case when the reading ranges are 8 cm and 10 cm, it is obvious
that the effective reading areas (or detection regions) are
mostly concentrated at the two center regions, which coincide
with the simulations denoted in Figs. 13 and 14. Fig. 17 shows
the measured readable tag number at different heights.
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TABLE 2. Antenna performance comparison between the proposed NFA
and references.

Reference Size 10-dB Read Full range read
(mm) Bandwidth | range (cm) distance (mm)
[6] 150x150 13.3% 10 50
[17] 200x200 3.2% 10 -
[21] 833x80 >20% 5 Less than 30
[25] 776x120 9.36% 6.5 12
[28] 480x200 1.6% 6.5 20
Proposed 220%80 18.7% 11 50

By observing the above results, one can see that the pro-
posed NFA is suitable for large interrogation area applica-
tions such as RFID book shelve application etc. Table 2 lists
the performance comparisons of other antennas reported in
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recent years and the proposed NFA. The experiment powers
applied by these antennas are 30 dBm. In Table 2, besides
exhibiting broader impedance bandwidth, one can see that the
proposed NFA has also demonstrated better reading ranges
due to strong magnetic field. Notably, the advantage of longer
reading range is also due to a relatively large electrical size,
but when comparing the proposed NFA to [17], [21] and [25];
it has smaller planar size (area) than them. Here, [28] has
a very large access area of 480 mm x 220 mm, which is
suitable for wide range RFID applications. However, because
the antenna energy is more dispersed, the full range read
distance and the maximum reading distance are both worse
than the proposed NFA. In addition, the bandwidth of [28]
is only 15 MHz that cannot cover the FCC (26 MHz) band.
As for [29], it has a very large reading area of 440 mm X
160 mm, and has used 17 dBm input power and therefore not
suitable to be included and compared with the other reference
antennas in Table 2 (as all reference antennas in Table 2 are
using 30 dBm input power). Even though [29] was fed by a
lower input power and has exhibited a maximum read range
of 14 cm, while most of the tags (reading rate >95%) are
successfully read at 10 mm, the full range read distance of
[29] was too short or does not exist. In addition, the operation
band of [29] was 880-980 MHz that cannot cover the ETSI
band (865-868 MHz).

V. CONCLUSON

A multi-loop near-field antenna for UHF RFID application is
successfully proposed and investigated. It has an overall size
of 220 m x80 mm x 1 mm. The proposed NFA is composed
of eight A/2 combined rectangular loops printed on the upper
and lower FR4 substrate surfaces, which is an extendable
structure that can ensure a strong and uniform magnetic field
distribution. To obtain broad 10-dB impedance bandwidth of
up to 18.7% (816-984 MHz) for covering both ETSI and FCC
bands, two types of resistors are loaded into the proposed
NFA to decrease the Q value. It is also noteworthy that the
impedance bandwidth (at VSWR 1.5) of the proposed NFA
can also cover the Universal UHF RFID band. The proposed
NFA can achieve 100% reading rate at optimum reading
range of 5 cm.
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