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ABSTRACT: This paper presents a single-layered dual-band microstrip patch antenna with periodic sinusoidal slots. The antenna operates
within 860-930 MHz and 2400-2500 MHz. The first band encompasses both the European and North American UHF-RFID bands while
the second band covers the 2.45 GHz Microwave-RFID/WLAN band. Moreover, the presence of the sinusoidal slots helps the antenna
exhibit frequency-dependent beam scanning within the 2.45 GHz band. Four such antenna units are placed close to each other with
different orientations to create a 2 X 2 antenna system. This system can detect UHF-RFID tags using both horizontal and vertical polar-
izations. It can also perform frequency-dependent beam scanning with horizontal polarization in the yz-plane and vertical polarization
in the zz-plane. The beam maximum scans from —30° to 31° in the yz-plane and —32° to 29° in the zz-plane.

1. INTRODUCTION

The use of Radio Frequency Identification (RFID) technol-
ogy has become widespread in various different sectors
throughout the world [1]. In the Ultra high frequency (UHF)
region, we have the European band spanning 865-868 MHz
and the North American band spanning 902-928 MHz. The
Microwave-RFID band coincides with the 2.45 GHz band and
is usually used for short distance and high-speed tag detec-
tion. A plethora of RFID readers can be found in literature [2—
20]. Out of them, many dual-band RFID readers can be identi-
fied [2-5, 7-11, 14-20]. These mostly operate within the UHF-
RFID band and 2.45 GHz WLAN band.

Although each of the above RFID readers has unique features
which make them useful, there are still a few areas of improve-
ment. Firstly, most of the UHF-RFID readers cover either the
European or North American UHF-RFID bands, but not both
simultaneously. The antenna designed in [2] can cover both,
but requires manual intervention in the form of changing the
superstrates to change the operating band. Secondly, dual-band
RFID readers with beam scanning ability are not found in liter-
ature. The use of beam scanning can enhance the usefulness of
an RFID reader by a great extent.

In this paper, a 2 x 2 multiport microstrip patch antenna ar-
rangement is presented. The building block of this arrange-
ment is a square microstrip patch with periodic sinusoidal slots.
This patch has two operational bands. The first band spans
860—930 MHz (7.8%), and the second spans 24002500 MHz
(4.08%). Therefore, the patch can cover both the European
and North American UHF-RFID bands simultaneously. Within
the 2.45 GHz band, the antenna can alternately be used to scan
Microwave-RFID tags or send tag information to base stations.
The main highlight of the proposed structure is its frequency-
dependent beam scanning property within the 2.45 GHz band.
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This makes the antenna unique as an RFID reader. By arrang-
ing four such modified square patches in different orientations,
a single-layered, dual-linearly polarized antenna system is de-
signed. The 2 x 2 system can scan both the xz- and yz-planes
within the 2.45 GHz band. Moreover, the antenna gains hover
around 7 dBi and 10.5 dBi within the first and second bands re-
spectively with total efficiencies falling within the 75-85% re-
gion in both bands. The dimensions of the system are on the
larger side, making it more suitable for desktop reader applica-
tions which do not have stringent size constraints.

2. MICROSTRIP PATCH WITH PERIODIC SINUSOIDAL
SLOTS

Simulations are performed using Computer Simulation Tech-
nology (CST) Microwave Studio. The patch is designed using
Copper, and the substrate is designed using a 1.52 mm thick
FR-4 (¢, = 4.2; tan 6 = 0.025).

2.1. Patch Geometry

The base antenna chosen for this paper is a square patch an-
tenna with coaxial feed lying in the xy-plane. If the antenna
centre coincides with the origin of a cartesian coordinate sys-
tem, the feed location can be given by the point (15, —15). The
length of the patch (L1) is chosen such that it corresponds to
~ 0.48)\,; (0.24)\) at 865MHz and ~ 1.37\, or 0.685)\, at
2450 MHz. Here, the free-space and guided wavelengths are
denoted using Ao and Ay, respectively. 2450 MHz is close to
the third harmonic of the square patch.

The base antenna is then modified by adding twelve horizon-
tal sinusoidal slots with a fixed spacing. The modified patch
antenna is shown in Fig. 1. The analytical curve used to design
the slots is y = sin(x); —L1/2 < x < L1/2. The first sinu-
soidal slot (¢ = 0) is designed along the x-axis (y = 0) with
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FIGURE 1. (a) Square patch with periodic sinusoidal slots. (b) Expanded view of the patch with slot dimensions. (c) Side view.
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FIGURE 2. Simulated S}, versus frequency for the normal square patch and modified square patch.

a width (w) of 1.5mm. The six slots above i = 0 are trans-
lated versions of ¢ = 0 with a spacing (d) of 5mm. Similarly,
the five slots below ¢ = 0 are also translated versions with the
same spacing. The slot at position ¢ = —3 is omitted because
of the feed location (15, —15) along that given line. The square
patch can accommodate two more slots ( = 7 and ¢ = —7).
However, the addition of these slots does not influence the an-
tenna characteristics, and they are therefore not included. The
feed location was not changed throughout the design since the
antenna continued exhibiting good matching.

2.2. Modified Antenna Characteristics

The S}, of this modified design is shown in Fig. 2 (black solid
curve) and compared with the S}, of the normal square patch.
There is a significant broadening of the 5;; < —10dB re-
gions compared to the normal patch. The slotted patch antenna
has —10dB S;; bandwidths of 70 MHz (860-930 MHz) and
100 MHz (24002500 MHz). Therefore, it covers the UHF-
RFID band as well as Microwave-RFID/WLAN band.

The radiation patterns of the modified antenna are shown
in Fig. 3. The radiation patterns within both the bands are
predominantly horizontally polarized (x-directed E-fields; H-
pol). This is because the horizontal slots prevent the exis-
tence of y-directed surface currents. The radiation patterns at
both 865 MHz and 915 MHz are predominantly broadside in na-
ture. The radiation patterns within the 2400 MHz band show a
frequency-dependent beam scanning tendency in the yz-plane.
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At 2400 MHz, the beam maximum is located at 6 = 0°. The
beam maximum shifts to the left as frequency increases. The
beam maximum is located at § = —12° (negative sign is used
to indicate a left tilt) for 2420 MHz, at § = —24° for 2450 MHz
and at § = —31° for 2490 MHz. The beam maxima direction
in the yz-plane for each of these four frequencies is shown with
a blue line in Figs. 3(c)—().

There are two main drawbacks of this modified antenna.
Firstly, the antenna operates with a single polarization (hori-
zontal). This limits tag detection to only horizontally aligned
tags (this problem does not exist for circularly polarized tags).
Secondly, the beam scanning is only along the left of the yz-
plane (0° to —31°). These two drawbacks are overcome in the
next section.

2.3. Fixing the Number of Sinusoidal Slots

To fix the total number of sinusoidal slots in the patch design,
various configurations of the antenna were simulated.

Three such variations are shown in Figs. 4(a)—(c). Fig. 4(a)
has 9 sinusoidal slots present above the feed location; 4(b) has
5 slots above and 3 slots below the feed location; and 4(c) has 7
slots with twice the spacing. The S}, of the three arrangements
are plotted in Fig. 4(d) along with the S}, of the finalized design
of Fig. 1. The absence of the slots below the feed line reduces
the —10dB S}, bandwidth (BW) of the higher order mode. Re-
ducing the number of slots on top leads to poor matching within
the higher order mode and a right shift of the primary resonant
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FIGURE 3. Simulated horizontally polarized radiation patterns at (a) 865 MHz, (b) 915 MHz, (c) 2400 MHz, (d) 2420 MHz, (e) 2450 MHz and (f)

2490 MHz.

band. Reducing the number of slots and doubling the slot spac-
ing leads to reduced matching within the 2400 MHz band and
a right shift of the 860 MHz band. The patch antenna with 12
sinusoidal slots is found to possess the optimum reflection co-
efficient for proper utilization of the UHF-RFID and WLAN
bands.

3. 2 x 2 PATCH ARRANGEMENT

3.1. 2 x 2 Antenna Geometry

To remove the first drawback discussed in the previous section,
a 90° rotated version of the modified patch can be used. This
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will result in vertical sinusoidal slots and vertical polarization
(y-directed E-fields; V-pol). To remove the second drawback,
an 180° rotated version of the patch can be used. This will re-
sult in horizontal beam scanning along the right in the yz-plane
(0° to 31°). Combining these two solutions, a 2 X 2 antenna
system is designed, as shown in Figs. 5(a)-(b). There are 4
modified patch antennas placed with an edge-to-edge spacing,
G, of 42 mm and centre-to-centre spacing, G/, of 125 mm. The
feed points are numbered to denote the antenna serial number.
For the UHF-RFID band, Ant. 1 and 2 produce H-pol radiation
patterns with the same shape while Ant. 3 and 4 produce V-pol
radiation patterns with the same shape. Ant. 1/2 and Ant. 3/4
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can be used interchangeably for a complete dual-linearly po-
larized UHF-RFID tag scan. For the Microwave-RFID band,
Ant. 1 and 2 together can scan the yz-plane within the range of
£31° with H-pol. Ant. 3 and 4 together can scan the xz-plane
within the range of £31° with V-pol. Using all four antennas,
both H- and V-pol scans are achieved.

The S-parameters of the four antennas are plotted in
Fig. 5(c). The reflection coefficients remain the same as the
isolated antenna in Fig. 2. Moreover, the low S;; values
(i # j;i,7 = 1 to 4) indicate that there is good isolation
between them.

The total dimensions of the 2 x 2 antenna system are 0.71 A X
0.71X x 0.004)¢ at 860 MHz and 2)¢ x 2X¢ x 0.013) at
2500 MHz. The antenna size within the WLAN band is sac-
rificed to some extent to achieve the complete beam-scanning
characteristic.

3.2. Induced Surface Currents

The surface currents induced on Ant. 1 at six different frequen-
cies within the two operating bands are plotted in Fig. 6. The
currents are spread across almost the entire patch at 865 MHz
and 915 MHz (Figs. 6(a)—(b)). This gives rise to the broad-
side patterns within the UHF-RFID band. The location of the
current maxima moves up vertically along the patch (in the y-
direction) with increasing frequency. It starts in the middle at
2400 MHz and moves close to the top at 2490 MHz (Figs. 6(c)—
(f)). This indicates that the beam maximum is also moving to-
wards the top from its central (broadside) location.

3.3. Beam Scanning Plots

The radiation patterns of Ant. 2, 3, and 4 can be visualized by
observing the radiation pattern of Ant. 1 plotted in Fig. 3 and
the orientation of the antenna under consideration. For instance,
the xz and yz patterns of Ant. 2 are mirror images of the xz and

(b)

(e

FIGURE 6. Induced surface currents on Ant. 1 at (a) 865 MHz, (b) 915 MHz, (¢) 2.4 GHz, (d) 2.42 GHz, (¢) 2.45 GHz and (f) 2.49 GHz.
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vz patterns of Ant. 1 since Ant. 2 is an 180° rotated version of
Ant. 1. Similarly, the xz pattern of Ant. 3 is a mirror image of
the yz pattern of Ant. 1, and the yz pattern of Ant. 3 is a mirror
image of the xz pattern of Ant. 1. This is because Ant. 3 is a
90° rotated version of Ant. 1. Finally, the xz pattern of Ant. 4
(—90° rotated version of Ant. 1) is the same as the yz pattern of
Ant. 1, and the yz pattern of Ant. 4 is the same as the xz pattern
of Ant. 1. Since the radiation patterns of all the four antennas
are similar, the complete radiation patterns of Ant. 2, 3, and 4
are not plotted for brevity. However, the radiation patterns in
the beam scanning planes of all the four antennas are shown
in Fig. 7. The average 3 dB line in each figure is calculated by
averaging the peak gains of the four frequencies and subtracting
3 dB from the result.

As discussed earlier, Ant. 1 and 2 provide H-pol beam scan-
ning in the yz-plane while Ant. 3 and 4 provide V-po/ beam
scanning in the xz-plane. The beam maxima for each antenna
can scan approximately 30°, and the 3 dB beamwidth scans ap-
proximately 90°.

The beam scanning occurs due to the phase shift of the in-
duced fields while they are flowing along the length of the
antenna and interacting with the sinusoidal slots. The phase
shift between adjacent sinusoidal slots can be calculated using
® = 2md/\,, where d = slot spacing and \; = Ao/ /.. At
860 MHz, the phase shift is ~ 2.9°/slot while it is =~ 3.3°/slot at
915 MHz. Similarly, the phase shift is ~ 8.6°/slot at 2400 MHz
and =~ 9°/slot at 2490 MHz. Within the UHF-RFID band, the
phase shift is minimal, and the radiation pattern maxima does
not shift with frequency. This can also be understood consid-
ering that the slot spacing is only 0.0085), at 860 MHz and
0.009), at 915 MHz. Within the WLAN band, the slot spacing
is 0.024), and 0.025), at 2400 MHz and 2490 MHz, respec-
tively. As the frequency increases, the phase shift increases by
almost 9°/slot and tilts the maxima of the radiation pattern. This
leads to the beam scanning effect within the WLAN band.

WWwWw.jpier.org



Das et al.

15
@ 2400MHz [Ant. 1] ----
A 2420MHz [Ant. 1] ----
10 okt
Avg. 3dB line | : ,7'/ \\\\‘ . 2450MHz [Ant. 1] ----
: N/ N | 2490MHz [Ant. 1] ----
vzpane | S AN N
)i VA
& o 'I‘Ill \ \ \ \
®© it - LYY
e |\ 0°,10.5dBi} | kTN ;
AN - A \ W
5wy Ja | 120, 10.7dBi [ YN o
W "y 0 v "\ Lot
oW Ja |3 -24%106dBi | VL N i)
- A YA ; g A AXY s
NS ¢ |\ -31° 10.4dBi -3 \\\ Sl
A 'l \‘\\ \\ /Il“ 'l
-15 A
180 -150 -120 -90 -60 -30 O 30 60 90 120 150 180
Theta / Degree
15 ‘
(©) " [2400MHz [Ant. 3] ———-
10]2420MHz [Ant. 3] ---- A 4
o NSNS
2450MHz [Ant. 3] ---- ,";"/ R NN Avg. 3dB line
5|2490MHz [Ant. 3] -=-- |/ / \:\\“\
] b A2
Sl W\ [ xzPLANE
I 4 0.0 LY
-'E 0 P A LYRY
W 0 10.5dBi [\ 728
5 B ,/, . \\/I ! 0°, 10.5dBi \‘\\‘ ,’:,;: N
\:\“\:\‘ ,:/ ;X ! 139, 10.6dBi “ﬁ i /i
’ %
PPIRRARY G ANy s t0sdi | XY A
’, \ .
LA y L.’ 0 . \ 4
VN, y, W/ 32°10.4dBi \ S
Lyiv “ Pt LIS 9Y J

-15
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
Theta / Degree

15
®) T 200mHz [Ant. 2] —

10| 2420MHz [Ant. 2] ——
2450MHz [Ant. 2] ——

4
5| 2490MHz [Ant. 2] — //// \\\ Avg. 3B line

/ / \\\ sz PLANE
8 o
= \
5\\ /7< /W 0°, 10.5dBi \\ 7
’ ¥/ 13°,10.6dBi f
_10\\\ /)&‘ '3/ 25° 10.5dBi \\ y/
329,10.4dBi
AWV \ (7
4180 -150 -120 -90 -60 -30 O 30 60 90 120 150 180
Theta / Degree
@* 2400MHz [Ant. 4] ——
10 v \ 2420MHz [Ant. 4] ——
|Avg. 3dB line / i 2450MHz [Ant. 4] ——
5 / é/ \ 2490MHz [Ant. 4] ——
~ XZ PLANE | // \\
20
2 // \/ 0°,10.5dBi >( y
/ / | -12°, 10.7dBi )& //
.10 N\, / 13/ -24% 10.6dBi
\ // ¥/ -31°, 10.4dBi S \ / /

-15
-180 -150 -120 -90 -60 -30 O 30 60 90 120 150 180

Theta / Degree

FIGURE 7. Simulated horizontally polarized beam scanning along the yz-plane by (a) Ant. 1 and (b) Ant. 2. Simulated vertically polarized beam

scanning along the xz-plane by (c) Ant. 3 and (d) Ant. 4.
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FIGURE 8. (a) Fabricated prototype and (b) measurement setup.

4. MEASUREMENTS

To validate the simulated results, a 2 x 2 prototype of the an-
tenna system is fabricated. The fabricated prototype and mea-
surement setup are shown in Fig. 8. A wideband TEM horn
antenna is used for radiation pattern measurement.

The measured S-parameters are plotted in Fig. 9. The re-
flection coefficients of all the four antennas are nearly identical
and resemble the simulated curves. The isolation between ports
is also very good. The low values of the measured S;; curves
(i # j) of Fig. 9(b) show that there is very little mutual coupling
between the antenna elements.

The radiation patterns of the four antennas are also measured.
The co- and cross-polarized patterns for Ant. 1 at the six fre-
quencies of interest are shown in Fig. 10. The measured pat-
terns resemble the simulated patterns of Fig. 3. It is also found
that the antennas have very low cross polarization levels. The

simulated and measured patterns are plotted separately to make
the graphs clearer to the reader. The measured characteristics
of Ant. 1 are summarized in Table 1.

The simulated and measured gains of Ant. 1 are plotted in
Fig. 11. The simulated total efficiencies of Ant. 1 are also pre-
sented in the same figure. It is seen that the gain hovers close to
7 dBi within the UHF-RFID band and close to 10.5 dBi within
the WLAN/Microwave-RFID band. The efficiencies lie within
the 75-80% region. The gains and efficiencies of the other an-
tennas are the same as those of Ant. 1.

The measured beam scanning characteristics of the four an-
tennas are plotted in Fig. 12. The scanning nature is similar to
the simulated results of Fig. 7. The measured scanning proper-
ties of the 2 x 2 antenna system are summarized in Table 2. It
is seen that the beam maximum scans from —30° to 31° (61°)
in the yz-plane (H-pol) and from —32° to 29° (61°) in the xz-
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TABLE 1. Radiation characteristics of Antenna 1.

Freq. (MHz) xz-plane 3 dB yz-plane 3dB Beam maximum direction
4 beamwidth [Max. Gain] beamwidth [Max. Gain] in scanning plane (yz)
%65 72° (=31 tq 41°) 87° (—40 to. 47°) 0°
[6.64 dBi] [6.68 dB]
914 74° (—34° to 40°) 73° (—40° to 33°) 0°
[6.74 dBi] [6.78 dBi]
2400 52° (—22 t0.3() ) 63° (-39 to'24 ) 0°
[10.43 dBi] [10.45 dBi]
2420 49° (—-19 t0.30 ) 67° (—47 t0.20 ) 190
[10.82 dBi] [10.79 dBi]
2450 50° (—18 t0.32 ) 62° (—52 to.10 ) 950
[10.64 dBi] [10.66 dBi]
2490 48° (—21 t0.27 ) 57° (=57 to' 0°) _30°
[10.68 dBi] [10.53 dBi]

TABLE 2. Scanning characteristics of the 2 x 2 antenna system within the 2.45 GHz band.

Frequency / MHz

Scan Plane Scan Pol. Beam Maxima Scan Range | Beam 3 dB Scan Range
(—30° to 0°) Ant. 1 (=57° t0 24°) Ant. 1
0° t0 31°) Ant. 2 —23° to 60°) Ant. 2
yz-plane | a-directed E-field (H-pol) (0" to 317%) An ( 0 60°) An
Total = 61° Total = 117°
(—30° to 31°) (—57° to 60°)
(—32°t0o 0°) Ant. 4 (—58° to 23°) Ant. 4
0° to 29°) Ant. 3 —22° t0 59°) Ant. 3
xz-plane y-directed E-field (V-pol) (0 t029%) no ( 059") 2
Total = 61 Total = 117
(—32° to 29°) (—58° to 59°)
11 7 100
&A
10 20
3
= g
gg 9tz S0 |80 m
= 7 Simulated Total Efficiency ----‘ g‘
T g 70 8
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7 Measured Gain A A 60 g
T
6 50
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FIGURE 11. Gain and total efficiency vs. frequency for Ant. 1.

plane (V-pol). The 3 dB beamwidth has twice the scan range,
with 117° both in the yz- and xz-planes.

5. COMPARISON WITH EXISTING DESIGNS

Table 3 provides a comparison between recent dual-band RFID
readers and the proposed work.

It is noted that the proposed antenna uses only a single sub-
strate layer, giving it the lowest profile. This makes the antenna
lightweight. The proposed antenna covers both the North-
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American and European UHF-RFID bands. Thus, it can be uti-
lized to detect a wide variety of tags. Thirdly, the antenna has
high gain in all the operational bands. The antenna designed
in [21] has similar gains while the RFID reader presented in [3]
has better gains. However, both these readers trade off their
profile heights to achieve the gains. Finally, the main highlight
of this antenna system is the frequency-dependent beam scan-
ning nature within the WLAN/Microwave-RFID band. This
sets the antenna apart from existing dual-band RFID readers
available in literature.
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FIGURE 12. Measured horizontally polarized beam scanning along the yz-plane by (a) Ant. 1 and (b) Ant. 2. Measured vertically polarized beam
scanning along the xz-plane by (c) Ant. 3 and (d) Ant. 4.

TABLE 3. Comparisons with existing dual-band RFID readers.

Ref. Bands (GHz) Size at lowest freq. Gain dBi | No. of substrates | Beam scanning
0.915 3.1

[17] 0.64 x 0.64 x 0.09\3 2 No
2.45 6.25
0.92 6.02

[21] 0.42 x 0.42 x 0.09\ 3 No
2.45 9.14
0.92 33

[10] 0.24 x 0.24 x 0.024)\3 3 No
2.45 5
0.92 8.8

[3] 0.82 x 0.82 x 0.11\3 4 No
245 13.3
0.865 6.68 Y.

This work 0.914 0.71 X 0.71 X 0.00423 |  6.78 1 o
2.45GHz
2.45 10.4
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