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Abstract: In this study, a new antenna is proposed to achieve uniform perpendicular magnetic field distribution for near-
field ultra-high frequency radio-frequency identification. The antenna is based on ‘interdigital-oppositely directed
currents (ODCs)’ that is formed by introducing another current between the two oppositely directed currents of
ODCs. By adjusting the feeding phase of the newly introduced current, the uniformity of perpendicular magnetic field
distribution can be improved. The design procedure of the antenna is presented and the uniform perpendicular
magnetic field distribution of the antenna is achieved and verified by experiments. When the transmitting power of
the proposed antenna is 1 W, the interrogation area for 100% tag detection is 49 x 16 cm? with an observing height of

5 cm for Impinj J41 near-field tags.

1 Introduction

Recently, ultra-high frequency (UHF) near-field radio-frequency
identification (RFID) has attracted a lot of academic attention for
its great potential at the item level tracking and identifying. An
UHF near-field RFID system is generally composed of reader,
reader antenna and near-field tags. The reader antenna is designed
to generate a perpendicular magnetic field near the antenna. Tags
are usually designed as small loop antennas so that the power can
be transferred from the reader antenna through inductive coupling.
The tag can only be read successfully when the induced voltage
on the tag chip is bigger than the threshold voltage. With rough
calculation, for most commercial near-field tags, the magnetic field
normal to the surface of the tag should be >-20 dBA/m [1-3],
and the value will be further reduced with the improvement of
reading sensitivity of tag chips.

UHF near-field RFID proves to be of great potential in item level
identification for its advantage in reading stability, compared with
conventional far-field RFID. The biggest challenge in UHF
near-field RFID application, however, is the generation of a
uniform perpendicular magnetic field (|H.|) near the antenna to
ensure stable identification in a large interrogation area since tags
are generally placed parallel to the reader antenna.

There are several methods to realise uniform |H,| distribution [3—
11]. The first method is keeping the current along a loop antenna
in-phase by dividing the solid loop into individually resonant
segments [4—6]. This concept was first presented by Dobkin ef al.
in [4], where a circular loop is divided into several segments, with
each segment composed of a metal line and a lumped capacitance
in series. Chen et al. [S, 6] also proposed a broadband segmented
loop antenna by employing zero-phase-shift line, in which
distributed capacitances are used instead of lumped capacitances.

The second method is using dipoles to form an electrically large
loop with in-phase current [7-9]. In [7], four dipoles are placed
end to end to form a closed square loop, and fed by the currents
with the same phases after careful design. Both of the above
mentioned two methods can be used to achieve a relatively large
and uniform |H,| distribution, and hence to enlarge the
interrogation area. However, the structures of the antennas are
complex and the area is hard to be further expanded.
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A novel printed-folded dipole antenna with a simple structure was
proposed in [10]. The antenna is designed based on the phenomenon
that two closely spaced oppositely directed currents (ODCs) can
generate a strong magnetic near-field between them [3, 11].
Unfortunately, the |H,| right above the current almost declines to a
value smaller than —20 dBA/m so that the tag can hardly be read
at present. This will cause inconvenience in some applications. To
solve this problem, Balanis [12] proposed a new structure (called
‘interdigital-ODCs’ in this paper) which is formed by introducing
another current between the two currents of the ODCs, to achieve
a uniform |H_| distribution. By adjusting the feeding phases of the
currents of the ‘interdigital-ODCs’, the uniformity of |H,|
distribution can be improved with |H,|>—-20 dBA/m right above
the currents. However, the theoretic analysis and then the design
guideline are not given in [12].

In this paper, therefore, we will analyse the ‘interdigital-ODCs’ in
detail in Section 2 and present the design guideline of the
‘interdigital-ODC’-based antenna in Section 3. Sections 4 and 5
give the experimental results and conclusions, respectively.

2 ‘Interdigital-ODCs’ for uniform perpendicular
magnetic field distribution

To study the characteristics of the ‘interdigital-ODCs’, let us first
examine the |H,| distribution of the ODCs. As shown in Fig. 1, an
ODC-based antenna is designed with four arms and side feed at
the right side, a little different from that of [10]. a is about half
wavelength long and chosen as 12.5cm in this paper at the
resonant frequency 920 MHz, so that the currents on the adjacent
‘arms’ are in opposite direction, forming three pairs of ODCs in
total. Other geometric parameters are given in Fig. 1.

2.1 IH,l distribution of the ODCs

To examine the |H.| distribution of the ODCs, let us consider the
perpendicular magnetic field (referred as |H, in this paper)
distribution of the ODCs at first. For simplicity, assume that the
direct currents are carried on the ODCs but in opposite directions,
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Fig. 1 Configuration of the ODC-based antenna

Fig.2 0ODCs [3, 10]

a Structure of the ODCs
b WHA and SHA of the ODCs
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Fig. 3 Simulated |H./ distribution of the ODC-based antenna along the
y-axis for different heights (h) at 920 MHz with a = 12.5 cm

216

as shown in Fig. 2a. One can see that the |H.| is large in the region
between the ODCs, which is denoted as ‘strong |H,| area (SHA)’ in
this paper. However, in the region right above the ODCs, the |H,] is
very small compared with the horizontal magnetic field (see Fig. 2b),
and therefore this region is denoted as ‘weak |H,| area (WHA)’ in this
paper.
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Fig. 4 Proposed ‘interdigital-ODCs’
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Fig. 5 /H./ distribution of proposed ‘interdigital-ODCs’ along the y-axis with different ¢ (the phase of 12) at 920 MHz with an observing height of 5 and

a=125cm

If alternative currents are carried on ODCs, the SHA and WHA
always exist and can be verified by the following simulations. The
|H| distribution of the antenna in Fig. 1 for different height % is
studied in high frequency structure simulator (HFSS), with the
input power of 1 W and frequency of 920 MHz. As shown in
Fig. 3, the SHAs and WHAs are always present and distributed
alternately along the y-axis no matter which value the 4 is. It
means that the |H,| distribution is not uniform, which will cause
inconveniences such as missed detection in many item level
applications of near-field RFID.

2.2 |H,l distribution of ‘interdigital-ODCs’

To make the |H,| distribution of the ODCs uniform, one
more current is added in between the two currents of
the ODCs, to form the so-called ‘interdigital-ODCs’ as shown

in Fig. 4. The |H,| produced by this newly added
current [, is expected to compensate that in the WHAs
right above the «currents /; and /5 of the ODCs.

However, the phase of I, will have an important effect on the
compensation.

Element 2

Element 1

L+ Port 2

\ "intendigital
ODCs"

Fig. 6 Configuration of the ‘interdigital-ODC’-based antenna without feeding network, a = 12.5 cm
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Fig. 7 Simulated |H./ distribution of the ‘interdigital-ODC’-based antenna with different phase of feeding current at port 2

a Phase of feeding current at port 2 equals to 0 and 7
b Phase of feeding current at port 2 equals to 7/2 and —7/2 operating frequency is 920 MHz and ¢ =12.5 cm

Assume that the magnitude of all the three currents (/; to 5) is /o,

where

while the phases are 0, ¢ and 7, respectively. According to [13], the

total |H,| distribution along the y-axis at height / can be written as

follows:

|HZ‘ = |Hzl + Hz2 + Hz3|
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Fig. 9 Simulated S-parameters of the feeding network

and

with

k= w/pe.

The |H,| distribution of the ‘interdigital-ODCs’ can be obtained by
(1) and (2) for different ¢ (phase of current /), and the results
are shown in Figs. 5a—d. For comparison, the |H,| distribution of

\Hz| (dBA/m)

|Hz| (dBA/m)

the ODCs is also added in dashed lines. When ¢ = 0, Fig. 5a
shows that the |H.| in the region of WHA right above current /3
increases a little (from about 0.4 to 0.7 A/m), while the WHA
right above current /; moves towards current ,. If ¢ =z, the
opposite trend will be obtained, as shown in Fig. 5b. The
implication is that the compensation of the |H,| in the region of
WHAS is not effective when the phase ¢ of current /, is 0 or 7.

However, if ¢ =7/2 as shown in Fig. 5c, the |H,| in the region of
WHA right above current /5 increases from about 0.4 to 1.2 A/m,
while the WHA right above current /; still exists. This means the
uniformity of the |H,| distribution can be improved. Opposite trend
can also be obtained and shown in Fig. 5d if ¢ = —7/2.

3 Antenna configuration and optimisation
3.1 Realisation of the ‘interdigital-ODCs’

On the basis of the analysis of the ‘interdigital-ODCs’ in the previous
section, two ODC-based antennas (elements 1 and 2) are combined
interdigitally to form an ‘interdigital-ODC’-based antenna as shown
in Fig. 6, where element 1 is in fact the ODC-based antenna in Fig. 1.
As can be seen, the WHAS of element 1 and the SHAs of element 2
are overlapped, and vice versa.

By setting the feeding phase ¢ of port 2 in Fig. 6 in the software
HFSS, the |H.| distribution can be obtained and is shown in Fig. 7.
From Fig. 7a, one can see that the WHAs appear periodically
along the y-axis when ¢ is equal to 0 or 7. However, if ¢ is equal
to +7/2, the |H,| distribution shown in Fig. 7b is almost uniform
although the curve experiences a slight incline.

3.2 Design of the feeding network

From the above analysis, +7/2 phase difference is preferred to
achieve an uniform |H,| distribution. A feeding network similar

-4

Fig. 10 Simulated |H./ distributions with the input power 1 W at observing height 5 cm

a ODC-based antenna
b Interdigital-ODC’-based antenna
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Fig. 11 Fabricated antennas

a ODC-based antenna
b ‘Interdigital-ODCs-based antenna

to the feeding network of circular polarised antennas is designed to
achieve +7/2 phase difference. The configuration of the feeding
network is depicted in Fig. 8. A T junction of double-sided
parallel-strip line is used to equally divide the input power, and
+7/2 phase difference is achieved by lengthen one parallel-strip
line with quarter wavelength. Another two quarter wavelength
parallel-strip lines at ports 2 and 3 are used for impedance match.
The simulated S-parameters by HFSS of the feeding network are
given in Fig. 9, and #/2 phase difference is achieved at 920 MHz.

4 Results and discussion
4.1 Fabrication of the antenna

By connecting the feeding network of Fig. 8 to the
‘interdigital-ODC’-based antenna in Fig. 6, the whole antenna is
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Fig. 13 Measured |H.| along the y-axis at 5 cm height with simulated
results for comparison
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Fig. 14 Photograph of the test setup
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B Interrogation area

Fig. 15 Measured interrogation area at the observing height 5 cm with 1 W input power

a ODC-based antenna
b Interdigital-ODC’-based antenna

formed. Moreover, its corresponding |H,| distribution is simulated
and is given in Fig. 10b. For comparison, the |H,| distribution of
the ODC-based antenna in Fig. 1 is plotted in Fig. 10a. As can be
seen, there are four obvious WHAs distributed above the four
‘arms’ of the ODC-based antenna, while the |H,| distribution of the
‘interdigital-ODC’-based antenna is almost uniform.

Such an ‘interdigital-ODC’-based antenna is fabricated on an
FR-4 board with 1.6 mm in thickness and 4.4 in dielectric
constant. The ODC-based antenna in Fig. 2 is also fabricated for
comparison. As shown in Fig. 11, the ‘interdigital-ODC’-based
antenna occupies an area of 49.3 x 16.8 cm?, while the ODC-based
antenna occupies 49.3 x 13.7 cm™.

32 225 -12.5

4.2 Reflection coefficient and |H,| distribution of the
antenna

Fig. 12 shows the measured reflection coefficient of the
‘interdigital-ODC’-based antenna by vector network analyser
(Agilent 8722ES), together with the simulated results for
comparison. The measured resonant frequency is slightly shifted
by 10 MHz compared with the simulated resonant frequency due
to the fabrication error. The measured bandwidth (|S};|<—10 dB)
of the ‘interdigital-ODCs’ is about 40 MHz (887-927 MHz),
which can completely cover the standard UHF band (920-925
MHz) in China.

Fig. 16 Measured reading distance (different colours for different reading distance)

a ODC-based antenna
b ‘Interdigital-ODC’-based antenna
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The |H,| distributions of the fabricated antennas are measured
using a near-field magnetic probe (Langer EMV Technik ICR HH
150-27) and a spectrum analyser (Agilent MXA N9020A). Fig. 13
shows that the measured |H,| along the y-axis at observing height
of 5cm, together with the simulations. As can be seen, |H.|
distribution of the ‘interdigital-ODC’-based antenna is relatively
uniform and |H,| is bigger than —20 dBA/m from y=—-22 to 27 cm
at observing height of 5 cm. However, the |H.| of the ODC-based
antenna is smaller than —20dBA/m when y=-19, —6, 6, 19 cm,
exactly the positions right above the four ‘arms’.

4.3 Interrogation area and reading distance of the
antenna

To evaluate the interrogation areas of the antennas, Fig. 14 displays
the test setup. The communication signal in UHF band is fed into the
antenna by a commercial RFID reader (Marktrace RFID UHF Four
Channel Fixed Reader MR6134E), and the laptop is utilised to
control the reader. Forty-eight near-field tags are pasted on a 24 x
8 cm? foam board, where each tag occupies 2 x 2 cm?. Since the
area of the FR-4 board is 64 x 24 cm?, eight measurements are
needed to evaluate the interrogation area over the whole FR-4
board, by moving the foam board from right to left or vice versa.
The tags are coded according to their positions so that the
interrogation area is plotted according to the reading result of each
tag. The near-field tag used in the experiment is Impinj J41, which
meets standard ISO 18000-6C, EPC Classl Gen2.

Fig. 15 shows the measured interrogation area of the proposed
‘interdigital-ODC’-based antenna and the ODC-based antenna at
observing height of 5 cm. The test results show good agreement
with the simulated |H.| distribution in Fig. 10. As can be seen, the
interrogation area of the ‘interdigital-ODC’-based antenna for
100% tag detection is 49 x 16 cm? at an observing height of 5 cm,
while the interrogation area of the ODC-based antenna is divided
into five parts by four WHAs and the tags cannot be read in the
regions right above the ODCs.

The measured reading distance of the ODC-based antenna and the
‘interdigital-ODC’-based antenna are shown in Figs. 16a and b,
respectively. The maximum reading distance of the
‘interdigital-ODC’-based antenna is 14 cm, which is comparable
with the maximum reading distance of the ODC-based antenna
(15 cm).

5 Conclusion

In this paper, the ‘interdigital-ODCs’ is proposed for the
compensation of the weak |H, areas of ODCs to achieve a

222

uniform magnetic field distribution for a large stable interrogation
area. The concept of ‘interdigital-ODCs’ is realised with two
ODC-based elements and a feeding network to produce phase
difference. Such an ‘interdigital-ODC’-based antenna is designed
and fabricated on an FR-4 board, and the simulations agree well
with the experiments. When the transmitting power of the
proposed antenna is 1 W, the interrogation area for 100% tag
detection is 49 x 16 cm? with an observing height of 5 cm for
Impinj J41 near-field tags.
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