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Abstract: A simple technique to reduce the mutual coupling between patch antenna arrays is proposed. Mutual coupling
phenomena in patch antenna array are investigated and according to the coupling characteristics, a simple rectangular slot(s)
placed in between the patch elements is proposed. An equivalent circuit of the proposed structure is obtained through the
reciprocity method. In the proposed technique, the series equivalent circuit of the slot is used to reduce the mutual coupling
level without changes to the back lobe as well as cross-polarisation levels compared to conventional arrays. The mutual
coupling reduction is >20 dB when compared with the conventional array. Applied to a phased array antenna, the reduction in
the mutual coupling results in a wider scan range, up to 75°. A parametric study is carried out for different parameters of the slot
that affect the mutual coupling and the scan range. A prototype of the antenna array is fabricated and the measured results are
compared to the simulation.

1 Introduction
Phased array antennas are highly demanded in the present radar
systems. Such array antennas have very high performance and
accuracy among the radar systems. Printed circuit phased array
antennas due to their light weight, small size, low profile, and ease
of fabrication are very popular and are used widely as integrated
arrays [1]. Despite its many advantages, however, surface wave
excitation in microstrip antennas lead to higher mutual coupling
between elements, limiting the performance of the phased array
antenna [2].

Mutual coupling between elements of an array increases by
decreasing the spacing between the elements. However, to prevent
appearance of grating lobes in the visible space, it is usual to keep
the spacing between the elements lower than half free space
wavelength [3]. Furthermore, the mutual coupling between
elements in a large array cause change in the input impedance as a
function of scan angle [4] and this variation can increase reflection
coefficient of array's elements and limit the scan range, decreasing
array's performance.

Several techniques have been employed in the past few decades
to reduce mutual coupling and/or surface wave excitation. Such
techniques can improve the scan range performance of the array.

This includes placing a varactor beneath the patch [5, 6],
shorting post beneath the patch [7], substrate modification [8],
defected ground structures, DGS, in the ground plane [9–13],
electromagnetic bandgap structures, EBG [14–16], in between the
patches, cavity-backed patch elements [17, 18], metamaterial
structures in between the patches [19–21], using coplanar wall [22–
25], and using mode reconfiguration technique [26]. Some of these
techniques are used to reduce the mutual coupling and/or surface
waves but due to the requirement of low inter-element spacing
between array elements, they cannot be used in linear or planar
arrays.

Placing the varactor beneath the patch [5] decreases the surface
wave, leading to an increase up to 85° in the scan range in the E-
plane of the array. However, this increases the cross-polarisation of
the array and has some fabrication limitation.

In [6], by placing three appropriately positioned shorting posts
under the patch area, a reduction in surface wave occurs leading to
an increase in scan range of almost 75° in either the E-plane or the
H-plane, separately. For the optimum scan range, the positioning of
the posts are different for the E-plane and the H-plane. In that
paper, no design procedure for the position of the posts is given.

In [22–24], reduction in mutual coupling through adding
electrical wall between array elements is reported. The scan range
in [24] is up to 70° and in [23] is up to 75°. In these methods,
although they are simple and effective in reducing the mutual
coupling but have a higher fabrication complexity, size, and cost.

In [25], the mutual coupling is reduced by using individual
separated patch elements with electric wall in between. The scan
range in this case is up to 65°. However, the structure is complex
and difficult to fabricate.

In [14], EBG structure is used to reduce the mutual coupling
−20 dB lower than that of the conventional structures. However,
due to its large dimensions that usually extend over half of free
space wavelength, it has limitation to be used in unit cell [16].

The DGS structure is also used to reduce mutual coupling and
hence increase scan range. However, it can also increase the back
radiation (back lobe) and cross-polarisation in the array.

The overall size of the usual EBG and DGS structures are large
and also fabrication complexity, hence not very suitable for unit
cell applications. To miniaturise the structure for use in the unit
cell, the EBG and DGS techniques are usually employed with two
substrate layers in which the lower substrate is of high dielectric
constant. Such two layers affect the overall design of the patch
antenna and also results in lower efficiency and bandwidth.

Also in [22], using a wall for mutual coupling reduction that
proper for closely patch and not suitable for array also has
fabrication complexity.

In the cavity-backed structures, as high as 75° scan range, in
one of the E- or H-planes takes place but at the expense of thicker
dielectric substrates, >0.1λ0 [18].

Table 1 gives a comparison between various mutual coupling
reduction techniques reported in the literature. Most of the works
referenced in that table operate efficiently for the E-plane array
scan and not for the H-plane array. Also, some of the works have
limitation of use for half wavelength arrays [16], and some have
fabrication complexity and limitation [19]. Most of works also
have no design procedure. 

In this paper, a very simple design technique to reduce mutual
coupling related to surface wave in microstrip patch antenna array
is proposed. By placing an appropriately sized and positioned
narrow slot(s) within the ground plane between the patch antennas,
reduction in mutual coupling takes place leading to increase in scan
range. The proposed slot in the ground plane slightly affects the
back lobe radiation and does not increase the cross-polarisation
when compared with the conventional array structure. To
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miniaturise the slot to be suitable in size for the H-plane array, a
second high dielectric constant substrate is placed beneath the main
patch substrate. The proposed antenna structure is simulated
through software package CST and the array antenna is also
fabricated and measured and simulated results are compared.

2 Grounded dielectric slab loaded by slot
2.1 Grounded dielectric slab excited by patch fields

Grounded dielectric slab (GDS) support surface wave [27] and can
be considered as a lossy transmission line. The surface wave fields
are different in the E- and H-plane patterns of the patch antenna.

In a patch antenna array, the space between the two patch scan
be considered as a waveguide through which surface wave can
travel and be part of the mutual coupling mechanism.

This surface wave couples each patch to the other and increases
the overall mutual coupling, leading to changes in the input
impedance (active impedance) of each patch versus scan angle [4]

and reduce scan performance of the array. Furthermore, GDS
waveguide supports many different surface wave modes [27], of
which the dominant mode is TM0 with zero cut-off frequency. The
higher modes cut-off frequency depends on substrate thickness and
relative permittivity. In most of array designs, substrate thickness
and relative permittivity are so chosen that higher modes are not
excited [2].

The well-known field distribution of the dominant mode under
the patch antenna is shown in Fig. 1 [3]. The fields have uniform
distribution on the radiating edges and vary as a cosine function
along the non-radiating edges. The fringing fields on the edges
contain Ex for the E-plane and Ey for the H-plane. Accordingly, in
the H-plane, the surface wave excitation distribution is uniform and
in the E-plane, the surface wave excitation would have a cosine
distribution. 

2.2 Slotted GDS

It is known that the presence of surface wave increases mutual
coupling between patch elements. To reduce the surface wave
travelling through the GDS, we propose to place a slot in the
ground plane in between any two patches, Fig. 2a. The space
between two patches can be considered as a transmission line along
which the slot provides an impedance loading. With an appropriate
slot, this impedance loading can in effect partly reflect or absorb
the surface wave. 

To model the slot loading, one can use the reciprocity method
[28], through which one can show that the slot loading is
equivalent to a series impedance along the transmission line (GDS)
and also characteristic of slot on the ground of the GDS obtained in
[29].

Through simulation, by placing wave ports at the two ends of
the structures (once for the GDS alone and then for the slot loaded
GDS), the S parameters of each are obtained. From the S
parameters and the equivalent ABCD parameters, one can then
obtain the series slot impedance, for λg/4 length of each
transmission line, the series impedance are equivalent to 1/Z21. Fig.
2b shows the calculated series impedance. As expected, without the
slot loading, the series impedance is almost zero, while with the
slot present the series impedance becomes nearly 160 Ω. Such
series impedance can be used to affect the propagation of surface
wave and reduce the mutual coupling between two antenna
elements.

3 Antenna design
It is proposed that through loading the GDS by an appropriate slot,
the excited surface wave can be reduced leading to reduced mutual

Table 1 Comparison of different mutual coupling reduction methods
Paper Method E/H plane array M.C., dB Back lobe Design simplicity Scan range, deg
[9] DGS ✓ × −27 −12 moderate 55
[10] DGS ✓ × −33 −10 high 60
[11] U-sec. × ✓ −40 −17 moderate —
[16] EBG ✓ × −40 no pat. low —
[19] SRR ✓ × −33 low low —
[22] wall ✓ × −50 low high —
[25] wall ✓ ✓ −45 — low 65
this paper slot ✓ ✓ −37 low high 75

 

Fig. 1  Patch electric fields
(a) E-plane fields, (b) H-plane fields

 

Fig. 2  Slot loaded GDS model
(a) Equivalent circuit of GDS, (b) Equivalent series resistance for GDS alone and for
slot loaded GDS as obtained through simulation
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coupling between two patch antennas, in effect increasing isolation
between the elements. Since the surface wave excitation are
different in the E- and H-planes of the array, each plane needs
appropriate consideration.

3.1 H-plane array

Consider the two patch antennas of Fig. 3a arranged as an H-plane
array (the presence of the second substrate is for miniaturisation
which is given in this subsection). As mentioned before, along the
non-radiating edge, the field has a cosine distribution, so the
surface wave excited by this edge also has the same cosine
distribution in the E-plane. Placing a narrow slot between the two
patches can in effect partly reflect/absorb the surface wave, leading
to reduced mutual coupling between the elements, as will be shown
in Section 4. 

For the slot to be effective, the slot dominant mode should have
the same field distribution as that of the surface wave. Based on the
cosine distribution of the surface wave, the second dominant mode
of slot should be considered. Thus, the length of the slot for the
second dominant mode should be a full wavelength that depends
on the effective permittivity, εeff. This effective permittivity is the
average of permittivity of air and dielectric [28].

Another key parameter that is important for reducing the mutual
coupling between the two patches is the series impedance of the
slot. It will be shown that if slot impedance is set to proper value,
maximum reduction in mutual coupling can be obtained. A simple
method to adjust the value of the series impedance of slot is to
offset the position of the slot along its length. By offsetting the slot,
the coupling between the surface wave field and slot field changes.

Considering the cosine distribution of the slot field, it can be
noted that in the broadside direction, there should be no back lobe
radiation from the slot itself. Also, considering that in an array,
there are two slots on both sides of a patch, each of which are
excited by surface waves in the opposite direction again there is no
back lobe in the broadside direction. Similarly, one expect that the
presence of the slots should not affect the cross-polarisation of the
array.

As mentioned earlier, the length of the slot should be a full
effective wavelength given by

Ls = λeff =
c

εeff ∗ f
(1)

where the effective permittivity is approximately [28]

εeff = (εr1 + εr2)/2 (2)

where εr2 is the permittivity of air. This slot length is more than the
patch size (almost double the length of the patch). Based on half
wavelength inter-spacing between patches in a planar array, this
slot length would fall outside the unit cell size. To reduce the
length of the slot, one can use a substrate with higher permittivity
than air beneath the ground plane.

This substrate relative permittivity determines the slot length.
One can easily show that for the slot length to be less than the array
unit cell size, its relative permittivity should be according to the
following:

εr2 > 2
c

Ls f

2

− εr1 (3)

If slot length is assumed to be λ0/2, (3) shows that with εr1 = 2.2
then εr2 should be >5.8.

3.2 E-plane array

As explained earlier, the field distribution along the radiating edge
is uniform and one can expect that the surface wave distribution
along the H-plane would also be uniform. If one places a narrow
slot between the two patches, the field in the slot would be the
usual dominant half wavelength mode. Owing to uniform surface
wave having different distribution to that of the slot sinusoidal
wave, the coupling between these two would be small, leading to
slot being ineffective in reducing the mutual coupling between the
two patches. Unlike the case of H-plane array, offsetting the slot
would not have any effect. Furthermore, the single slot would
result in back lobe.

To reduce the mutual coupling, the use of two slots placed
besides each other is proposed here (Fig. 3b). The phase of the
field present in the position of the second slot is controlled by the
phase of the field of the first slot as well as the spacing between the
two slots. It can be shown that by adjusting the spacing between
the two slots, appropriate phase for the field in the second slot with
respect to the first slot can be produced resulting in one reduced
back lobe in the broadside direction. Furthermore, these two slots
would in effect increase the overall series impedance. Higher series
impedance results in reduction in the surface wave that can reach
the second patch, thus, reducing the mutual coupling.

Unlike the case of the H-plane array of the previous section,
since the slot length in the E-plane array is of λeff /2 which is
smaller than the unit cell size, there is no need to have a second
substrate below the ground plane in order to reduce the slot size but
second substrate increases the impedance of the slot and results in
more surface wave to be reflected back and with less absorption/
back lobe level.

4 Results
In this section, simulation results as obtained through the use of
CST microwave studio software package as well as measurement
results of the proposed structure are provided.

Mutual coupling reduction, co- and cross-polarisation patterns,
and array scan range are provided.

4.1 Mutual coupling reduction

As mentioned before, by offsetting the slot position in the H-plane
array, one can reduce the mutual coupling. Fig. 4a shows the effect
of slot offset on the mutual coupling reduction. From this result
based on offset Lo = 2.5 mm, some −37 dB mutual coupling is
noticed. By offsetting the slot, it can be shown that S11 does not
change much. Fig. 4b shows a comparison between the S-
parameter results of a conventional array and that of the proposed
structure with the offset slot. Some 20 dB mutual coupling
reduction is noticed. 

For the E-plane array, two slots are placed side by side between
any two patch antennas. The spacing between the slots has an
effect on the mutual coupling reduction. Fig. 5a shows the S21
variation for various spacing between the two slots. There is
specific slot spacing, around 1 mm, that results in a very low

Fig. 3  Proposed structure for E- and H-plane mutual coupling reduction
(a) H-plane array, (b) E-plane array, (c) Cross-view of E-plane array
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mutual coupling, −44 dB. The slot spacing also results in a shift of
the frequency at which the least S21 occurs. Fig. 5b shows a
comparison between the S-parameter results of a conventional
array and that of the proposed structure with spaced slots. Results
show that almost 22 dB mutual coupling reduction is obtained. 

The active element patterns of a two-element conventional
antenna array as well as those of the proposed structures with the
presence of the second substrate are shown in Fig. 6. Also shown
in this figure are the cross-polarisation and the back lobe. 

Results show that the cross-polarisation and back lobe of the
proposed structure with slot in between is very similar to that of the
conventional structure.

To verify the reduction in the mutual coupling between two
patch antennas with the proposed technique, the behaviour of the
current distribution on the patches as well as on the ground plane is
shown in Fig. 7. For the H-plane array of Fig. 7a, as explained
earlier, the slot is excited in its second dominant mode giving a null
in the broadside. The slot radiates this energy more effectively in
the back lobe (due to the presence of the second substrate with high
permittivity) and with slot having a different impedance to that of
the transmission line would reflect the energy back to the source
patch. Thus, no current is seen on the second patch. 

Similarly, for the E-plane array of Fig. 7b, both slots are excited
in their dominant modes but with phase difference. The field
radiated by the two slots would cancel each other showing no
effective back lobe radiation. Similar to the previous case, the slots

reflect back the energy from the source patch and no current is seen
on the second patch.

It should be noted that in the proposed structure due to the
limited bandwidth of the slot, the bandwidth of the scanned array
antenna reduces compared to the conventional array antenna.

4.2 Array scan range

As explained earlier, by adding the second substrate, the structure
size becomes suitable for use in planar array (unit cell). In this
section, the results of infinite and finite array are presented
separately for array scanning in the E- and H-planes.

For the array design, the spacing between elements is set at half
free space wavelength of operating frequency and the relevant slot

Fig. 4  H-plane mutual coupling reduction for the proposed structure (L = 
W = 9.3 mm, yf = 1.55 mm, εr = 2.2, εr2 = 10.2, Ls = 13.45 mm, Ws = 0.5 
mm, S = 14.99 mm, h1 = h2 = 0.787 mm, t = 0.02 mm)
(a) Coupling reduction for different values of offset Lo, (b) Coupling reduction for
conventional and proposed structure with slot offset Lo = 2.5 mm

 

Fig. 5  E-plane mutual coupling reduction for the proposed structure (L = 
W = 9.3 mm, yf = 1.55 mm, εr = 2.2, εr2 = 10.2, Ls = 5.8 mm, Ws = 0.3 mm,
S = 14.99 mm, h1 = h2 = 0.787 mm, t = 0.02 mm)
(a) Coupling reduction for conventional and proposed structure, (b) Coupling
reduction for different value of slot's space

 

Fig. 6  Active element pattern of two-element linear array
(a) H-plane pattern of H-plane array, (b) E-plane pattern of E-plane array
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is placed in between. This prevents grating lobes forming within
the scan space. An advantage of the proposed structure is its
simplicity in design and fabrication.

The unit cell (infinite array) study such as the active reflection
coefficient and active element pattern helps to gain confidence that
the proposed structure is appropriate for large arrays. Also, a study
of the finite array shows the effectiveness of the method for small
arrays.

For scanning in each plane, appropriate proposed structures are
provided, as given in Fig. 8. 

Fig. 9a shows the reflection coefficient of unit cell for the H-
plane scan in the planar array of the proposed structure for
operation frequency of 10 GHz. This also shows the results of the
conventional array. It can be clearly seen that the scan range has
increased from 55° in conventional array to 75° in the proposed
structure. 

Also shown in Fig. 10 are the results of a parametric study on
the various parameters of the slot, its length, and its offset. The
length of the slot, LS, is very sensitive and important parameter in
the scan range performance. This is due to slot's resonance and its
narrow bandwidth. The effects of slot offset, Lo, with respect to
patch axis, are shown in Fig. 9b. Slot offset can affect the coupling
between the patches due to the surface wave. Unlike the case of
slot length, the scan range is not highly sensitive to changes in slot
offset. Although not shown, the scan range of the planar array of
Fig. 8a in the E-plane is same as that of the conventional array. 

Fig. 10 shows the E-plane scan range of the planar array of Fig.
8b. There are two parameters of the slot that affect the scan range,
the slot length LS, and the spacing between the two slots, ds. Fig.
10a shows the result of a parameter study for slot length. Similar to
the previous case of H-plane scanning, slot length is also a
sensitive parameter in the E-plane scanning. Fig. 10b shows the
results for different values of slots spacing in the E-plane. As can

be seen, the scan range in the E-plane has improved from 60° in the
conventional case to 75° in the proposed structure.

Although not shown, the scan range of the planar array of Fig.
8b in the H-plane is same as that of the conventional array. It needs
to be mentioned that the scan range is assumed where the reflection
coefficient of array elements is <0.33 (−10 dB) for impedance of
50 Ω. Also, the simulation results presented here are for an
assumed efficiency of >75%. Scan range of >75° can be obtained
at the expense of lower efficiency.

To study the scanning parameters of the finite array, the seven
elements linear E-plane and H-plane arrays are simulated for
different beam directions. By changing the phase difference
between the elements in the array, scanning of the pattern is
obtained. Results of the H-plane array, as shown in Fig. 11a, show
that the maximum scan angle for the conventional array is ∼60°
while for the proposed antenna is increased to 70°. The peak of the
realised gain for the proposed structure is ∼3 dB greater than that
of the conventional array. Results for the E-plane array are shown
in Fig. 11b. For the proposed structure, the maximum scan range
has increased to 70°. 

5 Measurement result
To show that the proposed technique is applicable to various
substrates, in this section, for the upper layer with higher
permittivity, RO4003 is considered. This higher permittivity results
in stronger surface wave. A two-element E-plane and H-plane
array are both fabricated (Fig. 12d) and the measured as well as
simulated results are shown in Fig. 12. As shown in Fig. 12, the
measured mutual coupling in the E- and H-plane arrays is very
similar to those of simulation. A linear H-plane array of seven
elements is also fabricated and measured and simulated results are

Fig. 7  Current distribution on the conventional and proposed structures
(a) H-plane array, (b) E-plane array

 

Fig. 8  Proposed structure for planar array (unit cell)
(a) H-plane extended scan range, (b) E-plane extended scan range, (c) Cross-view of
the proposed structure

 

Fig. 9  H-plane reflection coefficient of unit cell (L = W = 9.45 mm, yf = 
1.4 mm,εr = 2.2, εr2 = 10.2, Ws = 0.3 mm, a = b = 14.99 mm, h1 = h2 = 
0.787 mm, t = 0.02 mm)
(a) Reflection coefficient for various slot's length, (b) Reflection coefficient for
various slot's offset
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shown in Fig. 12d. Results show that the active element pattern has
less ripple due to reduced mutual coupling between the elements
and the pattern is now more near to the ideal cos(θ) pattern. 

A linear H-plane array of seven elements is also fabricated and
measured and simulated results are shown in Fig. 11. Results show

Fig. 10  E-plane reflection coefficient of unit cell (L = W = 9.45 mm, yf = 
1.6 mm,εr = 2.2, εr2 = 10.2, Ws = 0.3 mm, a = b = 14.99 mm, h1 = h2 = 
0.787 mm, t = 0.02 mm)
(a) Reflection coefficient for various slot's length, (b) Reflection coefficient for
various slot's space

 

Fig. 11  Scanning performance of the seven elements conventional (dashed
line) and proposed (solid line) array
(a) H-plane array, (b) E-plane array

 

Fig. 12  Simulation and measurement S-parameter results
(a) H-plane array, (b) E-plane array, (c) Active element pattern of seven element linear
H-plane array, (d) Fabricated E- and H-plane and seven elements H-plane structure
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that the active element pattern has less ripple due to reduced
mutual coupling between the elements and the pattern is now more
near to the ideal cos(θ) pattern.

6 Conclusion
In this paper, by placing an appropriate simple rectangular slot
structure in between array elements, in either E- or H-plane arrays,
mutual coupling between elements of the array is reduced. The
coupling reduction is almost −20 dB in the relevant E- or H-planes
compared to the conventional array. The proposed structure has a
back lobe and cross-polarisation similar to the conventional array.
Also, analysis of an infinite array (unit cell) of the proposed
structure shows that the scan range of the array is extended beyond
75° in either the E- or H-planes, separately. Simulated results are
also confirmed through measurement.
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