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ABSTRACT A low profile differential-fed dual-polarized microstrip patch antenna (MPA) with bandwidth
enhancement is proposed under radiation of the first and second odd-order resonant modes. First, all of even-
order modes are fully suppressed by using a differentially feeding scheme instead of the single probe feed.
Next, the radiation pattern of a square MPA is theoretically analyzed. It is demonstrated that the traditional
monopole-like radiation of the second odd-order mode in the H-plane, i.e., TM2; mode, can be transformed
into the broadside radiation by etching out a narrow slot at the center of the radiating patch. After that,
an array of shorting pins is symmetrically embedded underneath the radiating patch so as to progressively
push up the resonant frequency of the TMgp; mode (or TM19 mode), while almost maintaining that of TM3
mode (or TM12 mode) to be unchanged. With these arrangements, a wide impedance bandwidth with stable
radiation peak in the broadside direction is achieved for the MPA under this dual modes operation. Finally,
the dual-polarized MPA is fabricated and measured. The measured results are found in good agreement with
the simulated ones in terms of the reflection coefficient, radiation pattern, and realized gain, demonstrating
that the MPA’s impedance bandwidth (|Sgq11] < —10 dB) is tremendously increased up to about 8% with a
high differential port-to-port isolation of better than 22.6 dB. In particular, a low profile property of about
0.024 free-space wavelength and the stable radiation pattern are also achieved.

INDEX TERMS Microstrip patch antenna, differential-fed, dual-polarized, bandwidth enhancement, low

profile, radiation pattern transformation.

I. INTRODUCTION
Dual-polarized antennas have gained much attenuation in
modern communications for the purpose of reducing mul-
tipath fading and enhancing channel capacity [1] and [2].
Meanwhile, the differential circuit has been increas-
ingly demanded for communication systems due to its
noise immunity, harmonic suppression, and large dynamic
range [3] and [4]. However, the traditional dual-polarized
antennas with a single feed in [5] and [6] should be connected
with differential microwave circuits with virtue of an addi-
tional balun, which causes the extra loss and decreases the
efficiency.

In order to address this critical issue, various differential-
fed dual-polarized antennas [7]-[16] have been proposed in

the past few years. In [7], a differential-fed cavity-backed
microstrip patch antenna (MPA) was presented with inde-
pendent tunings of both polarizations. However, it suffers
from a narrow impedance bandwidth of about 1.8% arising
from the intrinsic high-Q factor in the thin substrate with the
height of about 0.02 Ag (Ao is the free space wavelength).
To overcome this issue, the ground plane of a differential-
driven MPA in [8] was reshaped as a square annular cavity
towards exciting another resonance in proximity to its dom-
inant mode, thus achieving an improved bandwidth of about
61%. But, the modified ground increases the profile of the
MPA to about 0.24 Ag.

Besides, the feeding scheme of the MPA could be improved
for the wideband impedance matching. As reported in [9],
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the feeding structure of the MPA had been reformed to
widen its impedance bandwidth to about 68%. By employ-
ing a plate feeder in [10] and [11], the antennas gener-
ated a broad bandwidth of more than 67.5%. But, these
antennas [9]-[11] inquire a high profile with the height
of about 0.12 Xy or more, thus destroying their intrinsic
low-profile or planar properties. Additionally, the radiating
patch of this MPA could be reshaped to realize a wide-
bandwidth performance. In [12], two pairs of double-layer
U-shaped elements were adopted to yield a broad bandwidth
of about 25.7%. The impedance bandwidth in [13] reached
to about 113.2% by using the ring patch in combination
with four triangular patches. Furthermore, it is an effective
bandwidth-enhancement method by adding extra elements.
In [14] and [15], four parasitic units were placed around the
core radiator to gain a wide impedance bandwidth of more
than 45%. The long dipoles in conjunction with the short
dipoles in [16] were utilized to control the lower and higher
resonant frequencies, respectively, leading to an enhanced
bandwidth of about 45%. Nevertheless, all of these reported
approaches [12]-[16] unexpectedly increase the complexity
in antenna design. In [17], the impedance bandwidth of the
dual-polarized antenna maintained about 9.5% by using four
isolated micro patches. Whereas, the antenna has a high
profile of about 0.07 Ag.

Recently, the TM ¢ and TM3p modes of a differential-fed
MPA in [18] were adopted for bandwidth improvement (13%)
with a low profile property. However, the asymmetrical
radiating patch is unsuitable to be chosen for a wide-
band dual- polarized antenna. Based on the cavity model,
the first and second odd-order modes of a square MPA,
ie., TMp; and TMj,; modes (or TM|g and TMj,
modes), are excited adjacent to each other. Unfortunately,
the monopole-like H-plane radiation pattern of TM»; mode
(or TM 12 mode) [19] is unable to maintain its radiation peak
in the broadside direction. To the best of our knowledge,
no any work has been reported so far to transform the radia-
tion pattern of TMj3; mode into the broadside radiation, and
then employ the dual modes to achieve a wideband bandwidth
with the low profile property.

In this paper, a differential-fed dual-polarized MPA with
improved bandwidth and low profile property under radia-
tion of dual odd-order modes is proposed for the first time.
Initially, a square MPA operating in TM»; mode is theoreti-
cally investigated. It is found that its radiated field has max-
ima off broadside and can be transformed into the broadside
radiation by etching out a narrow slot at the center of the
patch. Then, the resonant frequencies of the MPA loaded with
shorting pins are extensively studied. The results demonstrate
that the resonant frequency of TMy; mode (or TM o mode) is
gradually pushed up with slight effect on that of TM3; mode
(or TM12 mode). With the use of this procedure, the dual
odd-order modes are simultaneously excited to improve the
bandwidth of the dual- polarized antenna with stable radiation
patterns. After the extensive analysis is executed, the pro-
posed MPA is fabricated and tested. The results illustrate that
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the antenna has gained an enhanced impedance bandwidth of
about 8%, while maintaining a thin height of about 0.024 X.
Most importantly, a stable radiation pattern with its radiation
peak in the broadside direction is satisfactorily performed
over the operating band.

1. GEOMETRY AND ANALYSIS OF

APERTURE-FED ANTENNA

Fig. 1 illustrates the configuration of the proposed
differential-fed dual-polarized MPA. It consists of a square
radiating patch, a ground plane, and an array of twenty-
four shorting pins. The radiating patch with the length of
W is formed on the top surface of the dielectric substrate
(&r = 2.2 and H = 1.542 mm). The ground plane (Wy x W)
is located below the substrate with an air gap of H;. Besides,
an array of shorting pins is inserted between the radiating
patch and ground plane for the purpose of reallocating the
resonant frequency of the TMp; mode (or TM ¢ mode) in
proximity to that of TM3; mode (or TMj2 mode). Further-
more, a cross-shaped linear slot is etched out at the center
of the square patch to transform the monopole-like radiation
of TM»; mode (or TM |, mode) into the broadside radiation.
Meanwhile, it contributes to the input inductance reduction
caused by the pins and probes. In this context, the entire
antenna with its detailed dimensions as tabulated in Table 1 is
simulated and characterized by using the fullwave HFSS
13.0 simulator. Due to the symmetric geometry of the MPA
in Fig. 1, only the differential-driven ports 14 and 1— along
the y-direction to excite the antenna in Fig. 2 are deeply
studied in order to carry out our investigation simplistically.

Radiating patch

(®)
FIGURE 1. Geometry of the proposed wideband dual-polarized MPA

loaded with the shorting pins and a cross-shaped slot. (a) 3D view.
(b) Top view.
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TABLE 1. Dimensions of dual-polarized antenna in fig. 1.

Parameters w Wi W, D D,
Values(mm) 165 1.5 330 67.65 36.3
Parameters D Sh S, H, R
Values(mm) 144 13 54.2 2.4 1.0
Configuration Radiation Pattern(H-plane)
:
| AL
Portl- | /"E“"
Radiating (Port2) |
Patch |/ . 5
Portl+
(a) (Portl)
0 !
X
W
)
1 /\'E(D\
Narrow
Slot 0.5
(b)
0 .
L
| 2
Portl- !
Radiating (tRo2) | \
Patch with| w| .5
A Slot Portl+s2
(c) (Portl)
0 X
W

FIGURE 2. Radiation patterns of three distinctive antennas.
(a) TMy; mode of the MPA. (b) Narrow slot. (c) TM,; mode of the MPA
loaded with a slot.

A. REALIZATION OF BROADSIDE RADIATION
OF TM,; MODE
Our effort in this section is made to transform the traditional
monopole-like radiation of TM; mode into the broadside
radiation, so as to achieve a wide bandwidth with stable
radiation patterns with the combination of TMp; mode.
Based on the cavity model [20], the radiation patterns of
a square MPA in Fig. 2 (a) can be calculated by model-
ing the antenna as the two-element array of slots along the
x-direction at (H + H;) < Xg. Since then, the equivalent
magnetic current densities across these slots are expressed as

ey

With resorting to the aperture antenna theory, the normal-
ized far-zone electric field of the MPA under radiation of
TM;; mode can be derived as

- =
—
Mg=FE x n

By = cos(Y )anzin_(X)?ZV sin(¢) @)
E, = cos(Y)X Sin:;)_W;SS(G) cos(¢) 3)
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where ko is the wave number in free space, and

X = 0.5kgW sin(0) cos(¢) “4)
Y = 0.5kgW sin(6) sin(¢) (@)

Therefore, the H-plane (xz-plane) radiation pattern of the
MPA under TM3; mode can be simplified as a function of
the polar angle (6)

(0.5koW sin(0)) sin(0.5ko W sin(6))W cos(0)
N 72 — (0.5koW sin(9))?

For the slot along the x-direction in Fig. 2 (b), the previous
works in [21] and [22] had demonstrated that its H-plane
radiation pattern over the upper half space can be given as

Ey = sin(0.5kyS> sin'(G)) cos(0) )
0.5koS> sin(9)

By using (6) and (7), we can figure out the normalized
H-plane radiation pattern of the MPA and slot as depicted
in Fig. 2 (a) and (b), respectively. It can be obviously seen
that the traditional MPA operating in TM3; mode has a null
in the broadside direction, which is unsuitable to be combined
with the TMg; mode to achieve an enhanced bandwidth with
stable broadside radiation patterns. Coincidentally, the slot
aperture in Fig. 2 (b) maintains its radiation peak in the
broadside direction. Therefore, if the radiated field from the
central slot is gradually strengthened for the improved MPA
in Fig. 2 (c), a broadside radiation pattern of the TM»; mode
can be realized. The previous work in [22] illustrates that one
of the most effective ways to enhance the slot radiation is to
increase its length S».

In order to explain the above operating principle in detail,
the simulated radiation patterns of the MPA (Fig. 2 (c)) under
TM;; mode at So/W = 0, 0.2, 0.3, and 0.4 are further
studied and the relevant results are plotted in Fig. 3. When
the slot is not etched out on the radiating patch or So/W = 0,
the monopole-like radiation pattern is performed for the tra-
ditional MPA. But, as S increases from O to 0.4 W, the main
radiation is performed in the broadside direction (6 = 0°)
gradually due to the increased radiated field from the central
slot. After S, reaches to about 0.4 W, the monopole-like
radiation of TM»>; mode is successfully transformed into the
broadside radiation.

Eg

(6)

'
[

Normalized Electric Field (dB)

-20 0 20 40 60 80
Polar Angle 0 (deg)

FIGURE 3. Simulated electric field of the MPA in Fig. 2 (c) on an infinite
ground plane operating in TM,; mode under different slot length S,.
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FIGURE 4. Surface current density distributions of the MPA under
different resonant modes. (a) TMy; mode. (b) TM,; mode.

B. ELECTRIC CURRENT DISTRIBUTIONS UNDER

DUAL RADIATIVE MODES

Next, let us sketch the surface current density distribution on
the radiating patch under the operating of TMy; and TM»;
modes in Fig. 4 in order to select the position of shorting pins
properly for the realization of a wideband antenna. Looking
at Fig. 4 (a), the magnitude of current distribution of the
TMp; mode keeps almost constant along the x-direction,
whereas, it is gradually increased from the edge of the patch
to its central plane (AB) along the y-direction. With respect to
the current distribution of the TM3| mode in Fig. 4 (b), it has
the similar tendency along the y-direction. However, the mag-
nitude of current distributions has two maximum values in
the x-direction (CD- and EF- plane), which keeps a distance
of around 0.25 W to the center of the patch. Within the
yellow region, the strongest and weakest current distributions
are performed for the TM,; and TMp; modes, respectively.
Therefore, the shorting pins should be loaded around this
region to push up the resonant frequency of TMg; mode (fo1)
of the MPA in proximity to that of TMj; mode (f>) for
realizing a wide impedance bandwidth. Similarly, the short-
ing pins are added around the green region to excite another
polarization under the operation of TM o and TMj, modes.

Ill. PARAMETRIC STUDY AND DESIGN

OF PROPOSED ANTENNA

Based on the working principle described above, it can be
well understood that the proposed approach is presented to
reshape the radiation pattern of TM>; mode and describe
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the detail region by inserting pins to reallocate the dual
modes. To further investigate how the dimensional parame-
ters influence the TMg; and TM»; modes of the MPA, each of
the aforementioned parameters is distinctively studied under
other parameters to be fixed.

A. SQUARE MPA LOADED WITH EIGHT SHORTING PINS

To start with, Fig. 5 shows the effect of two key parameters
(D1 and Dj) on the resonant frequencies (21 and fp;) of
a square MPA loaded with an array of eight shorting pins.
As depicted in Fig. 5 (a), the f>1/fp1 is always decreased
firstly and then raised up by enlarging D; from 0.30 W
to 0.48 W under three different values of D,/W. Specifi-
cally, the antenna always obtains a lowest f>1/fp; by selecting
D/W + Dy/W = 0.64. Under this condition, the f>1, fo1,
and f>1/fo1 of the MPA as a function of D,/W are plotted
in Fig. 5 (b). It can be seen that the f>1 keeps nearly a constant
value of about 1.82 GHz, whereas the fy; firstly raises up
to a maximum value of 1.32 GHz at D{/W = 0.41 and
D>/W = 0.23, and then falls down. Thus, a minimum f>/fo1
of about 1.38 is generated with the help of eight shorting pins.

1.83

——D,/W=0.24
1.67- —=w—p /w=0.26
| ——D/m=0.28

1.43 .

1.35 . , — ;

030 033 036 039 042 045 048
D /W
(@)

1.8

—
wn
(=}

Resonant frequency (GHz)

14 D /WD, W=0.64
135
13t
12 : : : : 1.20
020 022 024 026 028 030
Dy
(b)

FIGURE 5. Two resonant frequencies and their frequency ratio (fy; /fo;) of
the MPA loaded with eight pins as a function of two key parameters.
(@) Dy/W. (b) Dy/W.

B. SQUARE MPA LOADED WITH SIXTEEN SHORTING PINS
In order to reallocate the dual modes more closely to each
other, the resonant frequency of a square MPA loaded with
sixteen shorting pins is further studied in Figs. 6 and 7 with
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1.75

——D,/w=0.22
1.60k —o—D,/7=0.24
——D,/W=0.26

D,/W=0.25
125 . ; . . .
037 039 041 043 045 047
D /W
(b)

FIGURE 6. Frequency ratio (f,;/fp;) of the MPA loaded with sixteen pins
as a function of D /W under different key parameters. (a) D,/W. (b) S;.

1.45— — —— — — — — —0.5

1-40;A—A—Alga—a—a—a—ho.2
1.35F B
_ _\”Fle/fm 1-0.1 T
“g Q
Ti30p  —e—Dw <
] I
~ ——D/W 1-0.4 »
125} » 2

< 1-0.7

1.20F v
1.15 T T T T T -1.0
6 9 12 18 21 24

15
S, (mm)
FIGURE 7. Frequency ratio f5; /fo;, D;/W, and D, /W of the MPA loaded
with sixteen pins as a function of S;.

regard to three critical parameters (D1, D>, and S}). Initially,
the f>1/fo1 as a function of D{/W under three different values
of D/W atS; = 10 mm is analyzed and the relevant results
are presented in Fig. 6 (a). It is found that the f>1/fo1 goes
down first and then rebounds. Meanwhile, the MPA acquires
a lowest fr1/fo1 under D{/W + D>/W = 0.66, which is
similar to the tendency performed in Fig. 5 (a). After that,
the influence of S; on the frequency ratio against Dj/W at
Dy/W = 0.25 is illustrated in Fig. 6 (b). It shows that the
lowest f>1/fo1 is always obtained at D1/W = 0.41. Based on
the above analysis, Fig. 7 investigates the f>1/fp1 as a function
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0.35
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FIGURE 8. Frequency ratio (f; /fo;) the MPA loaded with twenty-four pins
as a function of D, /W under different key parameters. (a) D,/W. (b) S;.

of 1 with D1/W + Dy/W = 0.66. The simulated results give
us a hint that the minimum f>1/fy; for the MPA loaded with
sixteen pins can be reduced to about 1.18 by setting Dy, D>,
and S as 0.44 W, 0.22 W, 16 mm, respectively.

C. SQUARE MPA LOADED WITH TWENTY-FOUR
SHORTING PINS

Although the f>1/fy1 is already decreased to about 1.18 with
the help of sixteen pins, the spacing in resonant frequency
between the dual modes is still too far away to improve its
bandwidth. Finally, an array of twenty-four pins is installed
below the radiating patch as depicted in Figs. 8 and 9. Com-
pared to the simulated results in Fig. 6, similar performances
have occurred in Fig. 8. Herein, D{/W + D>/W is selected as
0.63 to acquire the lowest frequency ratio as plotted in Fig. 9.
The results suggest us that the lowest f21/fp; of about 1.08 is
generated by choosing D1, D;, and S; as 0.41 W, 0.22 W,
and 13 mm, respectively, and it is located around the yellow
and green regions as demonstrated in section II. Thus, a small
green loop is produced in the upper part of the Smith Chart
in Fig. 10.

D. INDUCTANCE REDUCTION FOR

IMPEDANCE MATCHING

Unfortunately, the position of this green loop indicates that
the image part of the input impedance is larger than O in a
frequency range under the dual odd-order modes. With virtue
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D,/Wand D,/JW
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9

o190
6 7 8 9 10 11 12 13 14 15
S, (mm)

FIGURE 9. Frequency ratio f; /fo;, D;/W, and D, /W of the MPA loaded
with twenty-four pins as a function of S;.

-1.0
— Without Slot S,=49.2 mm
—5,=542mm —§,=59.2 mm
(a)
0
-5
o L S e
<
JE-15
- - = 5,=52.0 mm
20l — ;=542 mm . /I
- - 5,=56.4 mm Y] .
-25 T T T T
1.5 1.6 1.7 1.8 1.9 2.0
Frequency (GHz)
(W]

FIGURE 10. Impedance characteristics of the proposed MPA in Fig. 1 with
respect to the slot length S,. (a) Smith Chart. (b) [Sqq411 -

of the slot, it not only transforms the radiation pattern of
TM>; mode but also contributes to the equivalent inductance
reduction [18]. Thus, the reflection coefficient of the MPA
loaded with shorting pins and a cross-shaped slot in Fig. 1 is
extensively studied in Fig. 10. As illustrated in Fig. 10 (a),
the small loop is gradually moved down to the center of the
Smith Chart. Thus, the inductance caused by the shorting
pins and probes is effectively reduced by adding this slot.
To illustrate the effect of the length S on the |Sqq11], the
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FIGURE 11. Migration of resonant frequencies of TMy; and TM,; modes
under four distinctive MPAs.

FIGURE 12. Photograph of the fabricated dual-polarized MPA.

reflection coefficient as a function of frequency under three
different lengths S is presented in Fig. 10 (b). When the
S5 is chosen as 54.2 mm, a wide bandwidth is achieved with
improved in-band performance.

Finally, the resonant frequency of the MPA under dif-
ferent conditions is plotted in Fig. 11 so as to explain
the tendency about f>; and fy;. It can be observed herein
that the f1 remains a constant of around 1.82 GHz, while
the fo; is gradually pushed up. This tendency is mainly
caused by the shorting pins loaded around the weakest cur-
rent distribution of TMy; mode as studied in section II
and previous works [23] and [24]. Under this condition,
the size of the radiating patch of the MPA is increased to
about 1.0 g x 1.0 Ag.

IV. RESULTS AND DISCUSSION
To validate the operating principle and attractive features of
the proposed MPA with bandwidth enhancement under dual
resonances, the differential-fed dual-polarized MPA loaded
with an array of twenty-four shorting pins and a cross-shaped
slot is designed and fabricated. The top-view photography of
the fabricated patch antenna is displayed in Fig. 12.

As shown in Fig. 1, four single ended ports 1, 2, 3 and 4 are
used to realize two differential ports of 1+, 1— and 2+,
and 2—, respectively. Therefore, the differential S-parameters
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FIGURE 13. Simulated and measured differential S-parameters of the
proposed dual-polarized MPA.

(ISaar1l, |Sad22l, |Sad21l, and |Sdqi2]) of the proposed wide-
band MPA can be defined as [9].

Sad11 = (S11 — S12 — S21 + 822)/2 3
Sad22 = (833 — S34 — S43 + S44)/2 )
Sad21 = (831 — Sa1 — S32 + S42)/2 (10)
Sdd12 = (S13 — S14 — S23 + $24)/2 (11)

where S (G =1, 2, 3, 4 j =1, 2, 3, 4 is the
single-ended S-parameters when the differentially-fed dual-
polarized antenna is regarded as a single-ended 4-port
network.

By using the R & S ZNB20 Vector Network Ana-
lyzer, the differential S-parameters are measured as depicted
in Fig. 13. Notice that the measured results with dual attenu-
ation poles are in good agreement with the simulated ones.
On one hand, the fabricated differential-fed MPA achieves
an enhanced impedance bandwidth for |Sgq11| (or |Sgd22|) of
about 8% ranging from 1.71 to 1.85 GHz with low profile
property of about 0.024 Ag. On the other hand, the trans-
mission coefficient between differential-fed ports 1 and 2
(]Sddaz21] and |Sqq12|) of less than —22.6 dB is obtained over
the operating band, thus indicating a good isolation between
the differential-driven ports.

With respect to the radiation patterns and gain, both of them
are measured by adopting the near-field SATIMO antenna
test system. In our work, a wideband 180° power divider
ZAPDIJ-2 from Mini-Circuits is used to transform the single-
ended signal to the differential signal. When the radiation
patterns of differential-fed port 1 were measured, the two
output ports of the 180° hybrid coupler were connected to
ports 14 and 1—, respectively, while ports 2+ and 2— were
connected with two 50 €2 loads. Due to the symmetric geom-
etry, only the radiation characteristic of the MPA under the
differential-fed port 1 are investigated as illustrated in Fig. 14.
It can be seen that good agreement between the simulated
and measured results is exhibited in the xz- and yz-plane.
Besides, a stable radiation pattern with the same polarization
is satisfactorily achieved wihin the operating band. With
respect to the large E-plane sidelobe, the previous work [25]
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- — Measured Co-pol

Measured Cross-pol

FIGURE 14. Simulated and measured radiation patterns of the proposed
dual-polarized MPA at differential-fed port 1. (a) xz-plane at 1.72 GHz;
(b) yz-plane at 1.72 GHz; (c) xz-plane at 1.81 GHz; (d) yz-plane at

1.81 GHz.
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FIGURE 15. Simulated and measured radiation gains of the proposed
dual-polarized MPA at differential-fed port 1.

demonstrate the electric length between the dual equivalent
magnetic currents are properly enlarged to about 0.62 )¢
so as to achieve an enhanced Gain for the MPA. However,
in our work, the electric length is dramatically increased to
about 1.0 Ag, resulting to producing a big sidelobe level of
E-plane radiation patterns. Fig. 15 presents the simulated and
measured gains as a function of frequency. A reasonably
stable gain of around 7 dBi at the broadside direction is
obtained over the entire operating band.

V. CONCLUSION

In this paper, a low-profile wideband differential-fed dual-
polarized MPA under radiation of dual odd-order modes is
proposed. Firstly, the radiation pattern of the TM»; mode
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for the MPA loaded with a slot is deeply analyzed. The
results demonstrate that its monopole-like radiation pattern
can be reshaped as the broadside radiation by increasing
the slot length. Secondly, the influence of different numbers
of shorting pins on the resonant frequency of the MPA is
extensively studied. The simulated results suggest us that an
array of twenty-four shorting pins should be properly inserted
below the radiating patch, so as to push up the fy in proximity
to the f>;. With this arrangement, a wide impedance band-
width with stable radiation patterns is obtained for the dual-
polarized MPA. In final, the proposed antenna is fabricated
and tested. The measured results show that this proposed pla-
nar MPA has achieved an enhanced bandwidth of about 8%.
Particularly, a small height of about 0.024 A¢ with stable
normal radiation patterns is maintained as well to demon-
strate its performance as highly demanded in all the planar
antennas.
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