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ABSTRACT This paper presents a two-port dual-band pattern diversity patch antenna. The antenna consists
of a rectangular patch, a rectangular ground plane, and an upright feeding network. The folding microstrip
line and the new coplanar waveguide (CPW) structure are printed on two sides of the single feeding network
with a size of 35 x 14.5 x 1 mm?>. Therefore, two slots of the new CPW are able to generate in phase and out
of phase electric fields, respectively, so that the patch is excited by the even and odd mode in lower common
band and by the higher-order modes in upper common band. A prototype of the antenna is fabricated and
measured. As a result, the lower common operating frequency band is 14% (2.453-2.821 GHz) and the upper
common band is 16% (5.876—6.892 GHz). Moreover, the measured maximum peak gains are 4.0 dBi for Port
1 and 8.6 dBi for Port 2 in the lower common frequency band. In the upper common frequency band, 5.6 dBi
for Port 1, and 4.5 dBi for Port 2 are obtained. The satisfactory isolation (]S12| < —20 dB) between the two
feeding ports in the common impedance matching bands is achieved. The correlation coefficients and the

diversity gains have been calculated, which proves the good diversity performance of the antenna.

INDEX TERMS Dual-band antenna, pattern diversity, patch antenna, even/odd mode, CPW feeding.

I. INTRODUCTION

Antenna diversity is a particularly effective solution to deal
with multipath situations [1]. Simply, the receiver uses mul-
tiple antennas to receive signals from different paths at the
same time and then select and merge these signals into a total
signal to mitigate the effect of signal fading, which is called
antenna diversity. This is the common method to improve the
quality and reliability of a wireless link. In the past few years,
antenna diversity has arisen great attention due to the function
of suppressing multipath fading.

Pattern diversity is one of the ways to realize antenna
diversity, which means different patterns combination are
excited by two or more co-located antennas. Among the
reported pattern diversity patch antenna designs, there are
three methods to realize pattern diversity [2]. One is to use a
hybrid structure, in other words, the patch antenna is respon-
sible for one radiation pattern, and the other radiation pattern
is provided by other structures [3]-[8]. The second way is

exciting multiple modes of a single patch by using multiple
independent feeding networks [9]-[13]. Compared with sin-
gle feeding network, multiple independent feeding networks
occupy more areas, which makes the size of antenna larger.
The third way is exciting the even and odd modes of a single
patch [2], [14]-[16]. This method only needs one feeding
network, which can shrink the size of antenna and broaden the
bandwidth. However, all the projects are single-band designs
in the third way, dual-band designs have not yet emerged.
Dual-band or multi-band components [17]-[23] and anten-
nas [24]-[29] are very important for shrinking the size as
well as satisfying the rapid growth of users’ demand. How-
ever, for dual-band pattern diversity patch antenna, it is dif-
ficult to use a single feeding network and a single patch
to satisfy the various radiating conditions at two frequency
bands because the single element limits the freedom of
antenna design. As a result, the common method is antenna
arrays [27]-[29]. Recently, the designs with radiator printed
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on single layer substrate have been presented [25], [26].
The reconfigurable frequency-selective reflectors with a min-
imum number of switches and two separate feeding networks
are used in [25] and [26], respectively. Although the size
of radiator has been shrunk, the feeding network is still
large.

Based on the broadband design in [2], a new dual-band
pattern diversity patch antenna is proposed in this paper.
This antenna has a simple structure of a rectangular patch,
an upright feeding network and a ground plane. Only a single
feeding network and a single patch are utilized to realize
pattern diversity in two bands, i.e., four modes. According
to simulating by ANSYS HFSS, its S-parameters, radiation
patterns and antenna gains were optimized. A prototype of
the antenna was fabricated and the results of the measurement
and simulation were analyzed.

Il. DUAL-BAND PATCH ANTENNA DESIGN

A. ANTENNA STRUCTURE

The geometry of the proposed antenna is shown in Fig. 1.
It consists of a rectangular patch, a rectangular ground plane
and a FR4-epoxy substrate (¢, = 4.4, tan § = 0.02). The
patch and the ground plane are placed parallelly and the
substrate is inserted vertically between them. The feeding
network is printed on the substrate whose dimension is 35 x
14.5 x 1 mm?>. Both sides of the substrate are printed with
feeding circuit.

Fig. 1(c) shows the geometrical configuration of the feed-
ing network. A new CPW transmission line with a T-probe is
fed by Port 1 on the front side of the substrate. Compared
with traditional CPW, the outer conductor of new CPW is
trapezoid and an L-shaped conductor is connected to the
top of each side of outer conductor. A T-probe is added
to the top of the inner conductor for providing dual-band
characteristic by coupled feeding. A fold microstrip line with
tapered impedance transformer is fed by Port 2 on the back
side. The microstrip line crosses the two slots of CPW to form
the structure of microstrip-line-slot. All the dimensions are
shown in Table 1.

TABLE 1. Dimensions of the proposed antenna.

Parameter /i L | L | wi | w | b | h | b
Value (mm) 120 | 47 | 35 | 100 | 45 |14.5] 9.5 9

Parameter dl dz d3 d4 ds d5 d7 dg
Value (mm) 16.1 [ 87 | 2 | 10 |10.2/10.2] 3.5 | 1.8

Parameter my my ms my P1 § %) P3 P4
Value (mm) 4 35/09115/04/02] 03 | 34

B. ANTENNA MECHANISM
In this section, the operating mechanism of the presented
antenna is illustrated by comparing it with two reference

antennas whose feeding network of the front side are (I) tra-
ditional CPW, and (II) traditional CPW with a T-probe, which
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FIGURE 1. The geometry of the proposed antenna. (a)The 3-D exploded

view. (b)The top view. (c) The feeding network. (d) The partial enlarged
view of the feeding network.
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(b)

FIGURE 2. The feeding network of reference antennas. (a) Reference
Antenna I: traditional CPW. (b) Reference Antenna II: traditional CPW with
a T-probe.

can be observed from the Figs. 2(a) and (b). The three
antennas have the same dimensions except feeding networks.
The corresponding reflection coefficients are shown in Fig. 3.
Reference antenna I in [2] has achieved single-band pattern
diversity as indicated by the blue line in Fig. 3. Then the
aim is to realize dual-band pattern diversity. The idea is to
broaden the bandwidth firstly and then to move the expanded
bandwidth to higher frequency. The broadband characteristic
is achieved by an L-shaped probe in [30]. To make the radia-
tion pattern symmetric, the L-probe is changed into a T-probe.
The T-probe needs to keep a distance from the ground, so the
height of the CPW decreases because the outer conductor is
connected with the ground plane. It is interesting to note that
CPW can realize broadband characteristic (78%) by adding a
T-shaped probe on the top of the inner conductor. Although
broadband has been obtained for [S11|, the microstrip-line-
slot is unable to feed the patch because the two slots decline
with the height of the outer conductor dropped. Therefore,
an L-shaped conductor is connected to the top of each side of
outer conductor. It is a significant step because the L-shaped
conductor sets up the passage of electric fields propagation
for the microstrip-line-slot and reduces the distance between
the T-probe and the outer conductor partly. Building the
passage of electric fields propagation makes the patch fed by
Port 2 in two bands. Meanwhile, for the reason of reducing
the distance between the T-probe and the outer conductor,
the rightward frequency shift is engendered for the expanded
bandwidth aroused by T-probe, which separates the expanded
bandwidth from lower band and generates upper band char-
acteristic.

A tapered impedance transformer which is connected to
the end of microstrip line and the trapezoidal outer conductor
are used to achieve impedance matching in two bands. The
simulated impedance of the proposed antenna is displayed
in Fig. 4.
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FIGURE 3. Simulated reflection coefficients of the reference and
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FIGURE 4. Simulated impedance of the proposed antenna.

C. THE ELECTRIC FIELDS DISTRIBUTION

In this section the electric fields distribution of the feeding
network is studied. The new CPW includes three parts: one
is inner conductor which is equivalent of signal portion,
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and others are two outer conductors which work as ground
portions. There are two transmission situations: the direc-
tions of electric fields are opposite or the same in two slots.
Fig. 5 shows the two kinds of electric fields distribution of
feeding network. It can be observed that the electric fields in
two slots of the CPW are pointed from inner conductor to two
outer conductors when Port 1 is excited in Figs. 5(a) and (b),
which means that electric fields are out of phase in two slots.
In this status the even mode in lower frequency band and the
corresponding higher-order mode in upper frequency band of
the patch are excited. In Figs. 5(c) and (d), the directions of
electric fields in two slots are the same because the microstrip
line which crosses the two slots is excited. Therefore, when
Port 2 is excited, the electric fields in two slots are the same
phase, which indicates that the odd mode in lower frequency
band and the corresponding higher-order mode in upper fre-
quency band of the patch are excited.

(a)

(®)

(d)
FIGURE 5. The electric fields distribution of the feeding network. (a) Port

1 is excited at 2.5 GHz. (b) Port 1 is excited at 5.98 GHz. (c) Port 2 is
excited at 2.5 GHz. (d) Port 2 is excited at 5.98 GHz.
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IIl. SIMULATED AND MEASURED RESULTS

To verify the design, a prototype of the proposed antenna has
been fabricated and measured. Fig. 6 shows the photographs
of the assembled antenna and the feeding network.

(@) (b)

©) (d)

FIGURE 6. The photographs of the proposed antenna. (a) The top view.
(b) The side view of the front side. (c)The side view of the back side.
(d) The front side and the back side of the feeding network.

It is worth mentioning that the patch and the ground plane
are made of copper whose thickness is 0.4 mm. In order to
ensure the outer conductor of the new CPW and the ground
plane are interconnected, soldering tin is adopted in the joint.

A. S-PARAMETERS

The simulated and measured S-parameters are shown in
Figs. 7 and 8. First, the reflection coefficients of lower
band are analyzed. It can be seen that the frequency shift
appears between the simulated and measured |Sy1| as well
as the excursion is 0.3 GHz approximately. The mea-
sured —10 dB bandwidths are 792 MHz (2.453-3.245 GHz)
for Port 1 and 802 MHz (2.019-2.821 GHz) for Port 2.
The overlapped lower bandwidth is 368 MHz (14%) from
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FIGURE 7. The simulated and measured reflection coefficients of the
proposed antenna.
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2.453 to 2.821 GHz. With regard to upper band, the mea-
sured —10 dB operating bands are from 5.876 to 7.995 GHz
(2119 MHz) for Port 1 and 5.008 to 6.892 GHz (1748 MHz)
for Port 2. The overlapped upper bandwidth is 1016 MHz
(16%) from 5.876 to 6.892 GHz. The main cause of fabricated
error is the welding between the outer conductor and the
ground plane. In simulation the outer conductor of the CPW
and the ground plane are connective without welding.

The simulated and measured isolations between Port 1 and
Port 2 are depicted in Fig. 8. Due to the electric fields in
two slots are 180° out of phase and in phase when two ports
excited, the isolation is fairly high. During the two bands the
isolation is below —20 dB.

IS12 (dB)

——Sim. [S,,]
—=— Mea. [S,|

40 Lt 1 1 1 1 1

2 3 4 5 6 7 8
Frequency (GHz)

FIGURE 8. The simulated and measured isolations of the proposed
antenna.

B. RADIATION PATTERNS

The simulated and measured radiation patterns of the pro-
posed antenna in two bands are shown in Figs. 9 and 10.
Because of the limit of measurement conditions, the max-
imum in upper band only can attain 5.98 GHz. It can be
observed that reasonable agreement is obtained between sim-
ulated and measured results. When Port 1 is excited, the mea-
sured maximum values of co-polarized field are 2.7 dBi at
2.5 GHz and 6.3 dBi at 5.98 GHz. When Port 2 is excited,
the measured maximum values of co-polarized field are
8.5dBiat 2.5 GHz and 4.1 dBi at 5.98 GHz. It is worth noting
that the measured realized gains at 2.5 GHz and 5.98 GHz
maybe not the maximum values of realized gains in each band
and the gains are discussed in section C. The discrepancy
of the cross-polarized field is caused by soldering of SMA
connectors and the joint between the CPW and the ground
plane.

As can be observed from the figures, in lower band the
radiation patterns are conical for Port 1 excitation and broad-
side for Port 2 excitation, which is given rise to the even and
the odd modes of the patch. In pattern diversity antennas,
the combination of conical and broadside patterns is popular.
Furthermore, in the upper band the direction of main-beam
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FIGURE 9. The simulated and measured radiation patterns for Port
1 excitation. (a) f = 2.50GHz. (b) f = 5.98GHz.
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FIGURE 10. The simulated and measured radiation patterns for Port
2 excitation. (a) f = 2.50GHz. (b) f = 5.98GHz.

is changed with the peak value at the elevation angles of
6 = 26° for Port 1 excitation. As for Port 2, the peak value
is at the elevation angles of & = 56°. The angle difference
of the peak value is 30° approximately and the main-beam
direction is distinguishing between each other, which meets
the need of pattern diversity.

C. GAINS

Figs. 11 and 12 depict the simulated and measured realized
gains verse frequency of the proposed antenna. For lower
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band, the gain at the point of 8 = 40°, ¢ = 90° and the
gain in the broadside direction are adopted for Port 1 and
Port 2 excitations, respectively. In the operating frequency
range, the measured gain varies in the range of 2.0 to 4.0 dBi
within the operating band from 2.45 to 2.8 GHz for Port 1.
On the other hand, the measured gain for Port 2 excitation is
in agreement with the simulated one, except that the measured
descending slope is a little high in the operating band, thus
resulting in the realized gain varied from 5.0 to 8.6 dBi.

10

Realized Gain (dBi)
o

—v— Sim. Port 1
—=— Mea. Port 1
—o— Sim. Port 2
-10 - —— Mea. Port 2

2.0 2.2 2.4 2.6 2.8 3.0 3.2
Frequency (GHz)

FIGURE 11. The simulated and measured realized gains for lower band.
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FIGURE 12. The simulated and measured realized gains for upper band.

Fig. 12 displays the realized gains for upper band. The
angles appeared in the curves are 6 = 26°, ¢ = 90° for
Port 1 and 6 = 56°, ¢ = 0° for Port 2. The measured realized
gains coincide with simulation over a frequency band of 5 to
5.98 GHz. The reason that the realized gains are measured
only within this partial band rather than the entire bandwidth
is that our measuring equipment provides the operation to the
maximum value of 5.98 GHz at present. Over the operating
bandwidth scope, the simulated realized gains for Port 1 and
Port 2 vary in the range of 2.6 to 5.6 dBi and 3.6 to 4.5 dBi,
respectively. For the reason that only partial realized gains are

VOLUME 6, 2018

measured in upper band, the other section in this paper adopt
the simulated realized gains to reflect the situation of upper
band. The performance of the two ports are listed in Table 2.

TABLE 2. Performance of the two ports.

Performance Bandwidth Maximum realized

(GHz) gain (dBi)
Lower Sim. 2.290-2.885 5.0
Portl | band [™ype, 24533245 4.0
Upper Sim. 5.838-6.783 5.6
band g 5.876-7.995 -
Lower Sim. 2.173-2.614 8.7
Port2 | band [Ty, 2.019-2.821 8.6
Upper Sim. 5.073-6.866 45
band  yjea, 5.008-6.892 -

D. DIVERSITY PERFORMANCE

The diversity performance of the proposed antenna can be
evaluated by the correlation coefficient pio and diversity
gain (DG). According to S-parameters, the p1» can be cal-
culated [26]

_ IST,S12 + 85,5221
VA =181 = S0 11 = (S22 = 15211
The calculated results are shown in Fig. 13. In lower com-
mon band, p;7 fluctuates between 0.022-0.048 (0.020-0.025)
in simulation (in measurement). As for upper band, the range
of variation is 0.007-0.061 (0.007-0.013) in simulation (in
measurement). The low correlation coefficients guarantee the

excellent performance for diversity application.
The DG can be obtained based on correlation coefficient

P12 [26]
DG = 10,/1 — p?, 2)

P12 ey

10.0
o
Q
:
S 9.0 O
O z2
g E
- o
5 85 .2
[}
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Frequency (GHz)

FIGURE 13. The simulated and measured correlation coefficients and
diversity gains of the proposed antenna.
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TABLE 3. Comparisons of the proposed antenna with other referenced prototypes.

Refs. Size Maximum realized gain (dBi) Bandwidth (%) Isolation (dB)
Antenna height (A) Feeding network (\%) Lower band Upper band Lower band Upper band

[25] 0.33 0.46x0.46 3.54/2.08 7.77/4.67 -/19 4.9/3.4 -

[26] 0.06 0.90x 0.90 9.8/5.8 7/1/4.5 7.5 4.5 <-22.3

[27] 0.04 0.41 x0.41 2.7 2.85 1.7 0.75 <-18.4

[28] 0.0047 0.58 x 0.96 3.59/1.69 7.36/4.52 3.39/6.18 10.2/9.75 <-20

[29] 0.01 0.51 x0.51 3.80 3.39 12.38 14.57 <-15
Proposed 0.12 0.29 x 0.12 4.0/ 8.6 5.6/ 4.5 14 16 <-20

Because only partial realized gains in upper band have been measured, the maximum realized gains in upper band adopt simulation value in Table III.
The two values in one table cell indicate the values of two ports or two modes in one band.
The common bandwidths have been listed in [26] instead of the bandwidths of each port.

A is the free-space wavelength at the lowest resonant frequency.

The calculated results show that the simulated (measured)
diversity gain is above 9.99 (9.99) and 9.98 (9.99) in lower
and upper common band, respectively, which confirms the
good performance of diversity.

Table 3 lists the comparisons of the proposed antenna with
other referenced prototypes. For the reason of adopting the
structure of microstrip-line-slot, it is obvious that the size of
single-type feeding network is smaller than that of antenna
arrays, reconfigurable frequency-selective reflectors or mul-
tiple feeding networks. Compared to others designs, the band-
widths, the maximum realized gain and the isolation are
pretty good. It is noted that the size of feeding network does
not contain the ground plane and the patch, which is adopted
in [2].

IV. CONCLUSION

A two-port dual-band patch antenna for pattern diversity
application is realized using the odd and even modes and
higher-order modes of the patch. The four modes are excited
by a single compact feeding network with a size of 35 x 14.5 x
1 mm?, a single patch and a ground plane. The principle of
dual-band characteristic has been researched above. The max-
imized overlapped —10 dB impedance bandwidths achieve
14% for lower common band, 16% for upper common band
and the isolation is less than —20 dB in both bands. From
the simulated and measured results, it is found that the main-
beam positions of the radiation patterns are directed at the
elevation angles of 40°, 0° for lower band and 26°, 56° for
upper band respectively. As for the diversity performance, the
simulated and measured correlation coefficients are fairly low
and the diversity gains are higher than 9.98 in both bands,
which satisfies pattern diversity application.
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