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microstrip patches with \;/20 edge-to-edge spacing. The wall is grounded and two symmetri-
cal slots are etched on the vertical substrate. The measured results agree with the simulations,
showing that the slotted vertical wall reduces the mutual coupling within the bandwidth
to —30 dB and corrects the radiation beam tilt to be within —4.5° to 3° from the broadside
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Introduction

With the development of miniaturization of the present device, decoupling becomes an essential
concern in multiple antenna systems, such as in phased array and multi-input-multi-output
antennas. Two techniques are generally used for decoupling between patch antennas: (a) change
the patch position or shape it and (b) keep the original structure and add a decoupling structure
between the patches. In [1], the patches are placed along the diagonal direction to reduce the
coupling. In [2], the patches are rotated along the diagonal. In [3], two orthogonal slots on the
two adjacent patches were cut along the diagonal and combined with shorting pin to reduce the
mutual coupling. However, the most common decoupling technique is the second technique of
keeping the original structure and inserting a decoupling structure.

Much work has been presented for decoupling patch antennas where the shape and place-
ment are used. Furthermore, adding a loading structure on top of the patches was used [4-6].
Also, adding a planar structure between the patches was employed [7, 8] as an effective decou-
pling method. Except these, no additional decoupling techniques were proposed where the weak
current distributions are analyzed [9, 10].

However, it was noticed that interference with the decoupling structure causes a tilt for the
embedded radiation pattern. This phenomenon exists when a large edge-to-edge distance of
over 0.125), [11-15] exists, where ), is the free space wavelength. Edge-to-edge distance of
0.3\ and 0.25) in [11] and [12], respectively, had tilted the peak by 10° and 20° at 4.6 GHz.
In [13-15], the tilt angles were over 10° for distances around 0.13 ). As edges get closer to each
other, the mutual coupling gets stronger, and the present decoupling techniques for the closer
distances of about 0.05) show a pattern peak tilt characteristic [16-23]. For a distance greater
than 0.05)\, the tilt was over 15° [16-20]. The tilt depends on the adopted decoupling methods,
which means the tilt angle will not increase as the distance decreases, as the tilt angle was 20°
when the distance was 0.077 ) [16], while it was 15° with 0.059, distance [17]. A tilt of 30° for
a distance of 0.06)\g [18], 0.07), [19], and 0.057 ), [20] was reported, where )\g is the guided
wavelength. A similar property was suited for the separations of less than 0.05\, [21-23]. In
[21], the tilt is over 20° for 0.039\, and over 35° for 0.031), [22] but reduces to about 30° for
0.03), [23].

Therefore, this study focuses on decoupling techniques with beam tilt correction for edge-to-
edge distance of \(/20 along the H-plane. We used a 3D vertical wall to realize a single frequency
pattern correction [24] and a realized gain increase using a lower-loss substrate [25]. The present
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The rest of the paper is organized as follows. The section “The
proposed patch antennas” introduces the whole antenna configu-
ration, including the details of the decoupling wall and the compar-
isons between the simulations and measurements for verification.
Then, the tilt correction is analyzed by forming a resonator in the
section “Result analysis” The critical parameters are analyzed to
explain their effects on tilt correction and decoupling. The current
distributions are compared before and after decoupling. The final
section is the conclusion.

The proposed patch antennas

An H-plane arranged two-patch antennas with an edge-to-edge
distance of \/20 is investigated. Then, the 3D metal-slotted ver-
tical wall is inserted between the two patches to reduce the mutual
coupling significantly. The details of the proposed technique and
the optimized final antenna performance are as follows.

The antennas and decoupling structure

The antennas’ detailed configuration with the proposed 3D ver-
tical wall is shown in Fig. 1, where the gray and gold colors
represent the dielectric substrate and metal, respectively. The cor-
responding parameters of the patch antennas and the vertical wall
are inserted. Figure 1(a) and (b) show top and side views of the
structure, where the negative and the positive indicate the tilt direc-
tions from the broadside. The wall is embedded in the substrate
and connected to the ground plane. Figure 1(c) indicates that the
decoupling structure has three layers, the middle substrate layer
and two symmetrical slotted metals. Figure 1(d) shows that the slot
is symmetrically etched about the y-axis or the metal. The metal has
a proper resonance length to introduce the reverse current from the
ground plane, reducing the influence of the current induced on the
wall from patch radiation

For the patch antenna design, the substrate FABTM440 is uti-
lized with a relative dielectric constant of 4.4 and a loss tangent
of 0.0033. The conventional patch antenna with a length and
width of 46 mm and 31.7 mm, respectively, are used to res-
onate at 5.80 GHz. Moreover, the quarter-wavelength impedance
transformer is applied for impedance matching. Then, another
similar patch antenna is placed parallel to the original one along
the H-plane, where the edge-to-edge distance is 2.58 mm (about
Ao/20). After that, the proposed 3D vertical wall is inserted between
the patches. Here, the FR4 material is taken as the substrate of the
decoupling structure. Its higher dielectric loss will increase the loss
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Figure 1. The patches and proposed decoupling structure: (a) top view, (b) side
view, (c) exploded view of the vertical wall, and (d) side view of the vertical wall.
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of the wall. The relative dielectric constant and loss tangent of the
FR4 are 4.4 and 0.025, respectively, and the thickness is 0.8 mm.

Antenna performance

After parametric analysis, we get the final optimized design param-
eters and results based on the abovementioned method. The corre-
sponding values for the mentioned parameters are listed in Table 1.
Photos of the fabricated prototype are shown in Fig. 2. The antenna
is measured in the anechoic chamber, as shown in Fig. 3.

The comparisons of the measured and simulated S-parameters
are shown in Fig. 4(a). The comparisons show that the measure-
ments agree well with the simulations, though a slight shift of the
resonant frequency exists, and the measured S,, is lower than that
of the simulation. Here, the measured resonant frequency shifts by
50 MHz to 5.85 GHz, and the measured impedance bandwidth

Table 1. Values of antenna parameters

Value Value Value
Parameter (mm) Parameter (mm) Parameter (mm)
W, 46 W, 3 t 3.37
Lo 31.7 g 3 p 18.8
W, 16 w, 0.8 Ho 1.6
Ly 11.4 L, 24 Hq 6.5
W, 0.4 d 2.3
L, 6.7 s 3.9

(a)

Figure 2. Antenna prototype: (a) 3D view and (b) back view.

Figure 3. Measurement in an anechoic chamber.
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Figure 4. S-parameters: (a) with and without decoupling structure and (b)
no-decoupling vs. complete wall comparison.
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Figure 5. Normalized radiation pattern with and without decoupling structures at
the simulated and measured resonance frequencies: (a) H-plane and (b) E-plane.

is 140 MHz from 5.78 to 5.92 GHz, which is 10 MHz less than
the simulation. After adding the proposed structure, the isolation
becomes better than that without a decoupling structure by 20 dB,
which we can judge from the corresponding data of Fig. 4(a), where
the measured S, are all below —30 dB in the entire bandwidth while
they are over —10 dB of no-decoupling structure. The S-parameter
comparisons of the no-decoupling structure and the complete wall
are shown in Fig. 4(b), which indicates that the complete wall can
improve the matching and the isolation if the wall’s dimension is
proper.

The comparisons of radiation patterns, realized gains, and tilt
angles between the simulations and measurements are shown in
Figs. 5-7, respectively, where the left antenna of Fig. 1(a) is excited,
and the patterns of no-decoupling structure and the complete
vertical wall structure are depicted to be compared in Fig. 5.
These three comparisons of the proposed structure indicate that
the measurements agree well with those of simulations. We only
present H-plane patterns because the decoupling arrangement has
an insignificant effect on the E-plane patterns.

Figure 5 compares radiation patterns in the E- and H-plane with
and without decoupling structure. Each case has a different reso-
nant frequency. The no-decoupling case is considered at 5.78 GHz
(simulated) and 5.85 GHz (measured). The proposed decoupling
case is presented at 5.80 GHz (simulated) and 5.85 GHz (measured)
by black and red lines, respectively. In contrast, the corresponding
blue and green lines indicate simulated results of no-decoupling
(no wall) and complete wall structures. The H-plane pattern peak
direction of the no-decoupling structure is 27°, while it tilts to the
other side, —19.5°, when the complete wall is employed, which is
corrected to near the broadside direction after using the proposed
structure.
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Figure 7. Tilt angle comparisons of H-plane in the bandwidth: (a) without
decoupling and (b) with the proposed decoupling structure.

The simulated bandwidth of the proposed structure shifts to a
higher band due to the vertical wall, and the measured bandwidth
also shifts slightly to a higher level than the simulation. Thus, we
show the realized gain of the H-plane in their bandwidth in Fig. 6,
where the frequency step is 0.01 GHz. After adding the decoupling
structure, the simulated realized gain decreases, and the maximum
difference is 0.86 dB. On the contrary, the measured realized gain is
higher than the simulation for the proposed structure, but the max-
imum values appear near the corresponding resonances 5.79 GHz
of simulation and 5.88 GHz of measurement, whose difference is
0.25 dB. This difference is because of fabrication error, in which we
cannot ensure that the wall is grounded entirely. In addition, the
measured result is closer to that with no-decoupling structure with
a maximum difference of 0.6 dB.

The tilt angles in the H-plane without decoupling structure are
depicted in Fig. 7(a). In the simulated results, the tilts range from
22.5° to 28.5° in the bandwidth with frequency steps of 0.01 GHz.
The tilts shown in Fig. 7(b) are reduced to be —6° to 3° range within
5.74 to 5.89 GHz, while the measured show the peak variation
within —4.5° to 3° for the bandwidth of 5.78 to 5.92 GHz.

Result analysis

This section analyzes the proposed decoupling structure with the
tilt correction by introducing the resonant dimension that induces
a correction current on the wall. Then the influences of the main
parameters are investigated, and finally, the decoupling effect is
presented by the surface current on the patch antenna.
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Figure 8. Current distribution comparisons on the vertical wall, (a) grounded
whole wall, (b) ungrounded wall, (c) slot in the middle of the wall with grounded
ends, and (d) slot with ungrounded ends of the wall.

Tilt correction

As we know, the complete metal wall will play the role of
decoupling because it can prevent the direct interference of the
excited patch to another. However, the corresponding induced cur-
rent on the wall affects the radiation performance, the matching,
and the realized gain. Thus, we must design the complete wall
carefully to get a good matching with the reduction of isolation.
Figure 4(b) shows S-parameter comparisons of the no-decoupling
case with the complete wall decoupling structure. The matching
and the isolation are improved after carefully designing the com-
plete wall, while the corresponding H-plane pattern, as shown in
Fig. 5(a), tilts in the opposite direction. Because the most concern-
ing problem in this study is the beam direction tilt, we have to
modify the wall structure to make the induced current on the wall
correct the beam direction rather than deteriorating it. It is found
that connecting the wall to the ground, as shown in Fig. 1(b), helps
make such a correction.

Exciting the patch antenna induces a current on a fixed area of
the complete wall, whether the wall is grounded or not. Figure 8(a)
indicates the current distribution for the complete grounded wall
case and Fig. 8(b) for the case of the wall shifted up 0.1 mm
(ungrounded). The current distributions in both cases are con-
centrated very close to the ground plane and mainly parallel to it.
Thus, this current has an image in the opposite direction, making
its broadside contribution very weak and insufficient to correct the
beam tilt. A slot is introduced where the current is concentrated
to remove the induced current close to the ground. Figure 8(c)
shows the current distribution with the slot and grounded ends of
the wall. It can be seen that introducing the slot shifts the induced
strong current to the wall’s outer edges. The top edge, which is fur-
ther away from the ground plane, acts close to a dipole parallel
to the ground and a quarter wavelength from the ground (here,
H; is about )\y/8, but because of the dielectric of the substrate
and the vertical wall dielectric, it seems that the equivalent elec-
trical length of Hj is close of a quarter of a wavelength), which
contributes to the broadside radiation. The side edges act as two
out-of-phase monopoles without contributing to the broadside.
Thus, the structure radiation is influenced by the slotted vertical
wall correcting the beam tilt. If the slotted wall is not grounded, the
current distribution concentrates at the upper slot edge, as shown
in Fig. 8(d). This current is much closer to the ground plane. Thus,
its image current is the opposite, making a feeble contribution to
the broadside direction. Thus, the beam tilt is not corrected.

Parameter analysis

All the variables of the vertical wall will affect the matching, decou-
pling, and pattern tilt of the H-plane. However, the influences of
some variables are obvious, such as the height and the width of
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Figure 9. Parameter analysis: (a) S-parameter with d, (b) H-plane realized gain at
5.8 GHz with d, (c) S-parameter with s, (d) H-plane realized gain at 5.8 GHz with s,
(e) S-parameters with wall dielectric loss, and (f) 5.8 GHz realized gains of H-plane
with wall dielectric loss.

the wall. So, we pick up two main variables of dimensions d and
s to analyze their influences while the size of the metal is fixed and
change the loss tangent of the wall substrate to analyze its effect
on the S-parameters and gain. The height of the protruding part of
the wall that is H, — H, is 4.9 mm (about 0.21\, X is the effective
wavelength of FR4), and the width L, is 24 mm, about 1.05\. The
total width of the metal on the wall p is 18.8 mm, about 0.82\. The
influences of dimension variables are shown in Fig. 9(a-d), which
involve the S-parameters and the pattern correction. They almost
do not affect the reflection coefficient, except that the variable d
has little effect on the resonance frequency and matching, but both
affect the decoupling in the bandwidth. These two variables con-
trol the size of the slot, which affects the decoupling, but s has a
more significant effect. On the contrary, both variables impact the
angle of the pattern significantly, that is because they determine
the strength of the introduced current (d) or the induced current
(s) on the wall. In other words, the final current of the middle
part depends on the superposition of the two currents. Figure 9(e)
and (f) shows the effect of loss tangent on the antenna perfor-
mance. This variable affects not only the matching and isolation but
also the tilt angle and the realized gain if the size is not changed.
This indicates that we should define the corresponding structure
parameters for one fixed loss tangent of the wall substrate.

Current distribution on patch

Figure 10 compares current distributions on the two patches at res-
onances before and after using the proposed structure. The antenna
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Figure 10. Current distributions on patches at resonances (a) without and (b) with
the proposed wall.

on the left is excited, and a matching load terminates the antenna
on the right. The coupled current has been suppressed significantly.

Conclusion

The main goal of the present work was to decrease the mutual
coupling and correct the beam tilt usually caused by the coupling
between the two tightly spaced patches in the H-plane. A vertical
wall between the two patches was introduced, reducing the mutual
coupling but not correcting the beam tilt. To correct the radiation
beam, a slot was introduced on the wall close to the ground plane
that perturbed the induced current to influence the radiation char-
acteristics and correct the beam tilt. The proposed structure has
been fabricated and measured. After carefully adjusting the corre-
sponding wall parameters, the main beam direction was within the
—4.5° to 3° from the broadside direction with a 0.60 dB reduction of
the maximum realized gain compared to the simulated one without
a decoupling structure. The measurements have agreed well with
the simulations.
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