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Abstract—UHF near-field RFID reader antenna based on leaky
waveguide is proposed and the performance is evaluated using
numerical simulation and experiment. In order to suppress the
standing wave along transverse direction, a pair of notches is
placed on the transverse edge of the mesh layer of the pla-
nar waveguide. Diversity operation by switching impedance of
the end terminal of the planar waveguide antenna is also intro-
duced to suppress the standing wave effect along longitudinal
direction. Numerical simulation and experiment show that the
near-field null lines parallel to the longitudinal direction is almost
removed by the presence of the notches and the distribution of
the field strength becomes almost uniform because of the utiliza-
tion of the switching diversity. It is demonstrated that the reading
performance of the commercial RFID tags is greatly improved
by using the proposed RFID reader antenna with the diversity
operation of termination impedance.

Index Terms—Planar waveguide antenna, reader antenna,
UHF RFID, switching diversity.

I. INTRODUCTION

ARADIO frequency identification (RFID) technology is
capable of tracking and identifying items via communi-

cations between RFID tags attached to the items and a reader
antenna. Simultaneous detectability of RFID tags in non-line-
of-sight environment is a significant advantage of the RFID
technology over the conventional bar code systems which
can only operate in line-of-sight environment [1]. Nowadays,
most of the RFID systems work at four frequency bands: LF
(125-134 kHz), HF (13.56 MHz), UHF (860-960 MHz) and
microwave frequency (2.4 GHz and 5.8 GHz) bands. Among
these frequency bands, UHF band is good at relatively wide
reading range and high data-rate. The reading performance of
RFID systems are sometimes degraded due to the effect of
mutual coupling with surrounding scatterers [2], [3]. In order
to solve this problem, near-field RFID system in UHF band has
received broad attention [4] in the applications of item-level
management such as so-called smart shelf system or conveyor
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system, where the RFID tags only in the vicinity of the reader
antenna are detected [4]–[6].

Various reader antennas for UHF near-field RFID systems
have been reported. In [7], a reader antenna based on the leaky
wave microstrip line has been proposed. The detectable region
can be controlled by changing the geometry of the microstrip
line and the ground plane. The major disadvantage of the read-
ing antenna was the low power efficiency due to the power
absorption at the termination load of the leaky wave microstrip
line. Therefore, relatively high power supplied to the reader
antenna is required in order to activate IC chips embedded in
RFID tags. In [8] and [9], array antennas focusing the near-
field to a specific region were proposed. Detectable region of
the array antennas can be switched flexibly, however, a compli-
cated system composed of microwave components is required
to switch the array antennas.

A planar waveguide antenna having leaky waveguide struc-
ture consisting of two conducting plates was developed [10].
Upper plate is a mesh plate while bottom one is a solid ground
plane and they work as the parallel plate waveguide. The
planar waveguide antenna transmits RF power to the RFID
tags using evanescent wave on the mesh plate [11]. Detectable
area of the planar waveguide antenna is limited to the area on
the mesh plate because evanescent wave is localized only on
the mesh plate. One of the problems of the planar waveg-
uide antennas is how to alleviate the effect of standing wave,
which yields null lines in the detectable region. Termination
of the planar waveguide antenna with a matched load is one
of the solutions, but it causes power loss at the terminated
load [12]. In [13], multiple input ports were introduced to
a planar waveguide in order to control its near-field distri-
bution. The effect of the standing wave can be alleviated but
the reader antenna becomes complicated and expensive.

In our previous works, switching diversity technique was
introduced to the planar waveguide antenna in order to switch
the position of the null lines of standing wave parallel to
the transverse direction [14]. The planar waveguide antenna is
terminated by biased PIN diodes and the positions of the
null lines are switched electrically. By switching terminal
condition, the detectability can be improved without much
power loss at the termination because the planar waveguide
antenna is terminated by PIN diodes rather than the matched
loads. When the width of planar waveguide antenna is less
than a quarter wavelength, there is only the standing wave
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Fig. 1. Geometry of conventional planar waveguide antenna.

along the longitudinal direction and the field distribution along
transverse direction is almost uniform.

In this article, a wide planar waveguide antenna for reader
of UHF near-field RFID system is proposed, where there are
standing waves not only along the longitudinal direction but
also along the transverse direction. A pair of notches placed
on the planar waveguide antenna is proposed in order to sup-
press the standing wave current along the transverse direction.
In addition, the switching diversity technique is introduced to
the proposed planar waveguide antenna which yields robust
detectability. Numerical simulation and experiment demon-
strate the high detectability of the proposed antenna over
conventional one. Finally, a prototype of the proposed pla-
nar waveguide antenna for a smart book shelf system is
developed to demonstrate the advantage of the proposed planar
waveguide antenna with diversity operation.

II. PRINCIPLE OF PLANAR WAVEGUIDE ANTENNA

Figure 1 shows the geometry of conventional planar
waveguide antenna provided by Teijin Limited [10]. This
antenna consists of three layers: a conducting mesh layer,
a dielectric layer and a solid ground plane. Aluminum is used
for the mesh layer and the ground plane. Relative permittivity
of the dielectric layer is εr = 1.3. The antenna size is 800 mm
in length, 326 mm in width and 2 mm in thickness. The
operating frequency is 920 MHz, and thus the width is about
one-wavelength. A part of the electromagnetic wave propagat-
ing between the mesh layer and the ground plane leaks from
the mesh apertures and attenuates exponentially as a function
of the distance z from the surface of the antenna. The rate of
the decay of the electric field can be controlled by the size of
the mesh apertures [9].

In order to show the basic characteristics of the pla-
nar waveguide antenna and confirm the validity of the
proposed antenna, numerical simulation using the method of
moments (MoM) was performed. Since relative permittivity
εr is close to unity and the MoM analysis including the

Fig. 2. Simulated current distribution on the mesh layer of conventional
planar waveguide antenna.

effect of dielectric substrate requires time-consuming numeri-
cal calculation, the dielectric layer is approximately modeled
as vacuum.

Figure 2 shows the current distribution on the mesh layer
obtained by the MoM analysis. Input power, which is the dif-
ference between the incident power and the reflected power, is
fixed to be 30 dBm in the simulation of the present paper. It
is shown that the current flows along not only longitudinal x
direction but also transverse y direction of the antenna because
the width of the antenna is about one wavelength. Therefore,
the near-field null lines occur parallel to both x direction and
y direction above the antenna.

III. DESIGN AND SIMULATION OF PROPOSED ANTENNA

A. Antenna Geometry

Figure 3 shows the proposed antenna geometry schemati-
cally. A pair of notches is placed on the mesh layer in order to
suppress the transverse current component. The open and short
circuits obtained by switches shown in Figure 3 are used to
move the position of null lines parallel to transverse y direction
and suppress the effect of the standing wave along longitudinal
x direction [10].

B. Numerical Simulation

The performance of the proposed waveguide antenna was
evaluated by numerical simulation. Figure 4 shows the cur-
rent distribution on the mesh layer of the antenna with open
terminal. The notch position ds is set to be 110 mm where the
magnitude of current |Iy| flowing along the edge of the feeding
side (x = −400 mm) is maximum. The length of the notch Ls

is selected to be one-quarter of wavelength (= 81.5 mm) to
suppress the transverse electric current Iy along the edge. It is
noted that the magnitude of the transverse component of the
current |Iy| is suppressed by the presence of notches except
for the region of small x as shown in Figure 4 (b). It is also
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Fig. 3. Geometry of proposed planar waveguide antenna.

Fig. 4. Current distribution on mesh layer of proposed antenna with open
terminal (ds = 110 mm).

noted that the period of the standing wave along x decreases
as can be seen by comparison with the field distribution in
Figure 2. By these observations, it is found that the direction
of propagation of the electromagnetic wave traveling between
the mesh layer and the ground plane significantly changes by
the presence of the notches.

The effect of the notch position ds on the current distribution
was simulated and the results are shown in Figure 5, where the
position of the notch ds varies from 110 mm to 125 mm. It is
shown that there is little change in the x-component of current
even when the notch position ds changes. On the other hand,
the y-component of the current reduces by 32 dB in the case of
ds = 120 mm. Figure 6 shows the distribution of z component
of electric field with open terminal when the notch position ds

is 120 mm. It can be seen that the near-field null lines parallel
to x direction are eliminated except for the region of small x.

Next, the effect of switching diversity was evaluated.
Figure 7 shows the distribution of z component of electric

Fig. 5. Simulated current distribution on mesh layer of proposed antenna with
varying the position of notch ds.

Fig. 6. Simulated distribution of |Ez| in the horizontal plane (z = 30 mm)
of the proposed antenna with open terminal.

field on the antenna with notches when the terminal condition
are open and short circuits. It can be seen that the standing
wave occurring along longitudinal x direction varies depending
on the terminal condition. Therefore, the standing wave effect
along longitudinal direction can be reduced by the diversity
operation.

Finally, the electric field distribution in the horizontal
plane for the case of the conventional antenna shown in
Figure 1 is compared with that of the proposed antenna shown
in Fig. 3 having notches with the diversity operation.
Figure 8 shows the cumulative distribution function (CDF)
of the strength of z component of electric field, where CDF
is defined by the probability that the field strength |Ez| (V/m)
is less than or equal to abscissa. In the case of discrete data,
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Fig. 7. Simulated distribution of |Ez| along y = 0 and z = 30 mm with
varying terminal condition.

Fig. 8. Cumulative distribution function of |Ez|.

CDF is the ratio of the number of measured points that the field
strength is less than or equal to the value of abscissa divided
by the total number of measured data. When the curve moves
to right, field strength increases, and when the curve becomes
steeper, the distribution of the field strength comes close to
more uniform distribution. In Figure 8, the electric field in
the vicinity of the feeding point is excluded considering the
practical use of the planar antenna. It is found that the CDF
of the proposed antenna has steeper curve, which means that
the electric field distribution is more uniform than the case of
the conventional antenna.

IV. EXPERIMENTAL INVESTIGATION

The effect of the notches and switching diversity technique
was investigated experimentally. Received power distribution
on the planar waveguide antenna was measured by using
receiving dipole antenna. Figure 9 shows the measurement
system composed of a signal generator (Agilent E4438C),
a spectrum analyzer (ROHDE/SCHWARZ FSU-26), dc power
supply (KENWOOD PW-36) for the bias of diodes and 3-axis
scanner. Figure 10 shows a photo of experimental setup.
Conducting plane was inserted to form a parallel plate waveg-
uide in the vicinity of terminal region and switching diodes
were inserted at the terminal of the parallel plate waveguide as

Fig. 9. Experimental setup of near-field measurement.

Fig. 10. Photo of experimental setup of near-field measurement.

shown in Figure 9. The switching diodes used in this exper-
iment are Toshiba 1SS352 and the number of diodes is 30.
The distance between the lower end of the dipole antenna and
planar waveguide antenna is set to be 5 mm. The planar waveg-
uide antenna is made by Teijin Limited and the size of the
antenna is almost the same to the numerical analysis model.
The notches are placed on the mesh layer and the length of
notch Ls is 77 mm. The notch position ds is 90 mm. The
parameters of the measurement is listed in Table I. The values
of Ls and ds in the experimental investigation are selected to
be slightly smaller than those in the numerical investigation
in Section III, where the relative permittivity is assumed to be
εr = 1.

Figures 11 (a) and (b) show the measured power distribu-
tion with varying the bias voltage of diodes in the switching
terminal. It can be seen that the standing wave occurring along
y direction is suppressed by the notches. It is also noted that the
position of standing wave along longitudinal direction x moves
by changing the value of the bias voltage. Figure 11 (c) shows
the received power distribution when the switching diversity
operation is employed, where the larger value of the power of
Figures 11 (a) and (b) is plotted. It is shown that the near-field
nulls parallel to longitudinal direction and transverse direction
are almost removed. CDF of the received power distribution is
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Fig. 11. Received power distribution in horizontal plane of proposed
antenna with different bias voltage of diodes in switching operation.

Fig. 12. Cumulative distribution function of received power.

shown in Figure 12, where the received power in the vicinity
of the feeding point and switching terminal is excluded. In
this case, CDF is defined by the probability that the received
power (W) is less than or equal to abscissa. By comparison
of CDF between the cases of the conventional antenna and
proposed antenna with diversity operation, it is noted that CDF
of proposed antenna has steeper slope and it is concluded that
the received power distribution approaches uniform by placing
the notches and introducing the switching diversity.

In the following experiment, bias voltages of −1.2 V
and 1.2 V were made by a pulse generator. The pulse of

TABLE I
PARAMETERS OF NEAR-FIELD MEASUREMENT

Fig. 13. Experimental setup for measurement setup of RFID tag reading.

Fig. 14. RFID tag attached on first page.

Fig. 15. Arrangement of books and tags.

the 2 voltage levels had the same time duration, and the
duty ratio was 0.5. The period of pulse of the bias volt-
ages was decided by the experimental investigation, where
an UHF reader/writer [15] and three types of RFID tags
were used for the test. These RFID tags were UL-21 [16],
DogBone [17] and UhFINE [18]. The experimental results
showed that a period longer than 110 ms is required for the
desirable diversity effect.

Finally, experimental investigation using practical RFID
tags attached to many books in smart-shelf system was
performed in order to investigate the advantage of the
proposed planar waveguide antenna with diversity operation.
Measurement setup is illustrated in Figure 13. The UHF
reader/writer and three types of tags are the same to those
described above. RFID tag was attached at lower left of the
first page of each book as shown in Figure 14. The length
between the lower end of tag and the lower edge of the
page was 5 mm. A styrofoam sheet with a thickness of
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TABLE II
PARAMETERS OF TAG READING MEASUREMENT

TABLE III
MEASUREMENT RESULTS OF READING RATE

5 mm was inserted on the planar antenna and the books
with the RFID tag were placed on the styrofoam as shown in
Figures 15 (a) and 15 (b). Parameters of the measurement is
shown in Table II. Bias voltage of diodes was periodical square
wave at 2 Hz to accomplish the switching operation. The mea-
surement was repeated ten times and the average reading rate
of the RFID tags was evaluated.

Results of the measurement are shown in Table III. The
reading rate of the proposed antenna achieves over 93% for
both pattern A and pattern B, which is larger than the case
of conventional antenna. The reading rate is defined by the
ratio of the number of read tags for one reading cycle divided
by the total number of tags. Since there was a small ran-
domness of electromagnetic field, the reading rate slightly
changed depending on the reading cycle, averaged reading
rate over 10 cycles is shown Table III. The number of tags
which cannot be read at all decreases by repeating the read-
ing cycle. In many actual circumstances, all tags can be read
by repeating several cycles when the reading rate is greater
than 90%.

The detection performance of the RFID tags attached to
books depends on the height of tags and it deteriorates as the
height increases. It also depends on the strength of multiple
scattering waves produced by the surrounding objects. The
height of the lower end of tag measured from the upper
surface of planar waveguide antenna is usually about 1 cm
and desirable detection performance can be obtained. The
received voltage of the tag decreases as the height increases,
however, detection performance is favorable even when the
height is 10 cm, provided the multiple scattering waves are
significantly weak.

V. CONCLUSION

In this article, UHF near-field RFID reader antenna based
on leaky waveguide has been proposed and its performance
was evaluated using numerical simulation and experiment. In
order to suppress the standing wave on the antenna along
transverse direction, a pair of notches was placed on the
transverse edge of the mesh layer of the planar waveg-
uide. Diversity operation by switching impedance of the
terminal load of the planar waveguide antenna was intro-
duced to suppress the standing wave effect along longitudinal
direction.

It has been shown by numerical simulation and experi-
ment that the near-field nulls along the transverse direction

is almost removed by the presence of the notches of the
proposed antenna and the distribution of the field strength
becomes almost uniform by the use of the switching diver-
sity. Moreover, it has been demonstrated that the read-
ing performance of the commercial RFID tags attached to
many books for the proposed antenna with diversity is
greatly improved by comparison with that of the conventional
antenna.

Employment of the proposed methods in the reader anten-
nas of practical RFID system may yield an indispensable
increase of the manufacturing costs, but the cost is accept-
able when considering the significant improvement in reading
performance of the RFID system obtained by the proposed
methods.
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