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Abstract: A defected ground structure (DGS) is used to suppress mutual coupling between elements in a microstrip array and
eliminate the scan blindness in an infinite phased array. Two kinds of DGSs, namely back-to-back U-shaped and dumbbell-
shaped DGSs, are analysed and compared. The analysis indicates that the back-to-back U-shaped DGS is better at suppressing
propagation of surface waves in microstrip substrate. A two-element microstrip array with back-to-back U-shaped DGS is
designed and the array characteristics against different element distances are studied. The results show that the degree of the
mutual coupling suppression is increased when the element distance is reduced. However, compared with the traditional
array, a higher gain and lower side lobes are obtained when a larger element spacing is selected. The scan blindness of an
infinite microstrip phased array in E-plane is studied by simulation, and the calculation demonstrates that the scan blindness

can be eliminated by applying a back-to-back U-shaped DGS to the infinite phased array.

1 Introduction

In the design of microstrip arrays, mutual coupling between
elements is an important factor to be considered. Many
studies have indicated that the mutual coupling between
elements can degrade seriously the performances of the
array, leading to impedance mismatch, side-lobe level
increases, scanning blindness occurrence and reduced gain
[1]. Mutual coupling between microstrip elements is caused
by both space waves and surface waves. A surface wave
has a significant impact on the mutual coupling when the
thickness / of the microstrip substrate is greater than 0.3/
(27/\/e;) [2], where A, is the operating wavelength in free
space and g, is the relative permittivity of the substrate. In
the past decades, many methods have been developed to
reduce the mutual coupling caused by surface waves
between antenna elements in the design of microstrip
arrays. In [3-5], shorted patches were proposed to prevent
excitation of the surface wave mode. In [6-8],
electromagnetic bandgap (EBG) structures were used to
suppress mutual coupling. An EBG structure creates a so-
called electromagnetic crystal to suppress surface-wave
propagation, and thus, unwanted mutual coupling between
elements is decreased.

Recently, defected ground structures (DGS), which are
formed by etching patterns on the ground plane, have
received much attention. As a resonator, the DGS is a
compact structure. This advantage has resulted in its various
applications, such as microwave filters and matching
circuits as well as suppressing harmonic and cross-
polarisation in microstrip antennas [9—14]. However, there
are only a limited number of results published concerning
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the suppression of mutual coupling between elements in
antenna arrays [15]. Compared with EBG structures, the
advantage of DGS is that it can realise bandgap effect with
a more compact circuit size.

Here, the mutual coupling suppression in microstrip arrays
is studied by using DGS. Single U-shaped, dumbbell-shaped
and back-to-back U-shaped DGS, shown in Figs. 15—d,
respectively, are analysed and compared. The back-to-back
U-shaped DGS is adopted to upgrade the performance of
microstrip phased arrays by suppressing mutual coupling
between antenna elements.

2 Characteristic analysis of DGS

Numerical simulation, performed with the commercial
software Ansoft HFSS 9.2, is used to predict the bandgap
of the DGS. DGSs are etched on the ground plane between
elements in the microstrip array when they are applied to
suppress the mutual coupling of the elements. In order to
test its performance, the DGS is laid on the centre of the
ground plane between two weakly coupled microstrip lines
with 50 ) characteristic impedance, as shown in Fig. la.
The scattering parameter S,; between two microstrip line
ports is calculated to study the resonance characteristic of
the DGS. This method has been successfully used in ultra-
wideband filter design to study the property of the
microstrip stepped-impedance resonators [16—18].

First, a single U-shaped DGS in Fig. 15 is designed to
support a bandgap around 6 GHz. The available microstrip
substrate has a relative permittivity of 10.2 and a thickness
of 2mm (>0.3A¢/(27//e;)). A pronounced surface wave
can be excited in this substrate. The dimension of the single
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Fig. 1 Configurations of the DGSs

a 3-D view of DGS with two weakly coupled microstrip line
b Single U-shaped DGS

¢ Dumbbell-shaped DGS

d Back-to-back U-shaped DGS

U-shaped DGS is optimised to obtain a wider bandgap
characteristic and the design parameters are /; = 3.3 mm,
wi=74mm and s=14mm. For comparison, the
dumbbell-shaped DGS in Fig. 1c¢ is designed with the same
bandgap, and the optimised parameters are a = 3.6 mm,
b=4mm, w= 09 mm and / = 1.8 mm. The simulated S,
are shown in Fig. 2. As a reference, the simulated result for
the structure without DGS is also shown in Fig. 2. In our
studies, the distance L between two open ports of the
weakly coupled microstrip lines is 20 mm, which is enough
to avoid a strong coupling between DGS and the open
microstrip lines.

For evaluating the performance of the DGS, the rejection
bandwidth is defined covering a frequency range in which S»;
is suppressed by more than 3 dB compared with that of the
structure without DGS. From Fig. 2, it can be seen that the
two DGSs have the similar bandgap characteristics, that is, a
fractional rejection bandwidth of about 3.5% at a frequency of
about 6 GHz. However, the area of the etched aperture is
reduced from 2ab+ wl=30.4mm? for the conventional
dumbbell-shaped DGS to 2sl; + s(w; — 25) = 14.9 mm”* for
the U-shaped one.

Multiple circuit units are usually cascaded for increasing
the stopband in bandstop filter design [19]. Considering the
symmetry and the trade-off between compact structure and
rejection bandwidth, here, two back-to-back U-shaped DGS
units are cascaded for extending the rejection bandwidth, as
shown in Fig. 1d. The optimised distance between the two
back-to-back U-shaped DGS units is g=4.5mm. The

-25
—-—--without DGS
------- dumbbell-shaped DGS
— back-to-back U-shaped DGS
Ity p— Single U-shaped DGS

35 ez

S,, (dB)

.40 4

45

-50 T T T

Frequency (GHz)

Fig. 2 Simulated S>; with and without DGS between two weakly
coupled microstrip line ports
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parameter S,; is simulated and shown in Fig. 2. As
illustrated, this DGS shows a rejection band from 5.76 to
6.15 GHz (a fractional bandwidth of 7%) and twice the
enhancement of the rejection bandwidth is achieved
compared with that of single-unit one. Meanwhile, the area
of the etched aperture (29.8 mm?, twice the area for the
U-shaped DGS) is still less than that of single dumbbell-
shaped DGS.
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Fig. 3 Energy loss for different DGSs
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Fig. 4 FElectric field distributions in DGS aperture, fine lines
denote electric fields and thick dashed lines denote equivalent
magnetic current

a Single U-shaped DGS
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The energy loss resulting from different DGSs is also
compared. The energy loss is scaled by the expression

EL(%) = [1 = (IS},” + 152 )] x 100% (D

Fig. 3 shows the calculated results. The back-to-back
U-shaped DGS exhibits a lower energy loss within a wider
band. This is explored by observing the electric field
distributions. The tangential electric fields in the etched
DGS apertures are shown in Fig. 4. Based on the
equivalence principle, the tangential electric field E; can
radiate energy as an equivalent magnetic current

J,=E, xi @)

where 71 is the normal vector of the ground plane. From Fig. 4,
it is seen that the electric field distribution in the back-to-back
U-shaped DGS has the property of reverse symmetry, which
can result in a weaker radiation compared with other
structures according to the superposition principle. It
implies that the back-to-back U-shaped DGS can induce a
weaker radiation loss.

3 Two-element array with back-to-back
U-shaped DGS

Previous studies indicated that the mutual coupling between
E-plane-coupled elements is stronger than that between
H-plane-coupled elements because the stronger surface
wave is excited along the E-plane [20—22]. Therefore only
the mutual coupling suppression between the E-plan-
coupled elements has been studied to validate the
performance of the DGS.

A coaxial-line-fed E-plane-coupled two-element microstrip
array, supported on a substrate with a thickness of 2.0 mm
and relative permittivity of 10.2, is designed at 6 GHz
(the fundamental operating frequency). The top and
side views of the array are shown in Figs. 5a and b,
respectively. The radiation patches have the same size
of W,xL,=67mm x 6.6 mm. The feed position is
Ly=2.8mm. A finite ground plate with a size of Ly, =
140 mm x 70 mm is used.
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Fig.5 Configurations of microstrip arrays

a Top view
b Side view of traditional array
¢ Side view of array with back-to-back U-shaped DGS
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Based on [20, 21], in microstrip arrays the mutual coupling
between elements results mainly from surface waves when the
distance d between adjacent elements is larger than 0.3A.
Here, arrays with distance variation from 0.5\ to Aq are
studied. In order to achieve a significant low level of
mutual coupling, the back-to-back U-shaped DGS is etched
at the centre of the ground plate between antenna elements.
The side view of the array is shown in Fig. 5c.

Fig. 6a shows the calculated S, (mutual coupling) against
element distances when the array is loaded by DGS and
no DGS. The calculated results indicate that the mutual
coupling between two antenna ports is suppressed
effectively by using the back-to-back U-shaped DGS;
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Fig. 6 Calculated array performance against element distance
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meanwhile, the degree of the mutual coupling suppression is
reduced with the increase of the element distance. The change
rule of the mutual coupling suppression may be analysed
qualitatively. Because of the dispersive propagation of the
surface wave, the shorter the distance away from the
antenna, the stronger the surface wave is. Thus, the mutual
coupling suppression is reduced with the increasing of the
element distance, because the energy intercepted by the
DGS is lower when the element distance is larger.

Fig. 6b shows the calculated main lobe and side-lobe gains
(i.e. the peak gains for main and side lobes) against array
distances when the array is loaded by DGS and no DGS.
Fig. 6¢ demonstrates the back to front ratio of the radiation
patterns for two cases. As shown in Fig. 6b, the main-lobe
gain of the array without DGS reduces with increasing
element distance, and the reduction is due to the higher side
lobes and the mutual coupling between array elements. The
higher side lobes arise from the larger array spacing. The
side-lobe level is higher than the main-lobe level when
the array has a larger element distance. Fig. 6¢ shows that
the higher back-direction radiation is generated in the array
with the DGS when the element distance is smaller because
the stronger surface wave energy is intercepted and leaked
by the DGS. The gain of the array with DGS is then lower
when the element distance is smaller (less than 0.67A¢ in
this example), compared with the array without DGS.
However, the gain is higher than that of the array without
DGS when the element distance is larger than 0.67Aq. This
result can also be explained qualitatively. The influence on
the gain of the array with DGS includes mainly two parts.
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Fig. 7 Measured S parameters of array with and without back-to-
back U-shaped DGS
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One part is the back-direction radiation through the DGS
aperture; the other part is the surface wave reflected into
antenna elements by DGS. They can reduce and enhance
the array gain, respectively. When the contribution of the
former is dominant the gain is reduced, meanwhile, the gain
is improved if the latter is dominant. It must be mentioned
that the mutual coupling (between elements suppressed by
DGS) is extremely low, as shown in Fig. 6. Thus, it hardly
influences the array gain. Another important advantage of
the array with DGS is that the gain and side-lobe level are
more stable even if the element distance changes from
0.5A¢0 to Ay. Cavity-backed structures could be used to
suppress the back-direction radiation and further improve
the array performance based on the method in [17].

In order to validate the studied results, arrays with element
distances of d =43.5 mm and d = 28.0 mm are fabricated
and measured to demonstrate the performance of the DGS.
For the purpose of comparison, traditional arrays (the ones
without DGS) are also measured. All the measured
scattering parameters are shown in Fig. 7. The experiments
indicate that the DGS results in a strong mutual coupling
reduction (i.e. the difference between the mutual coupling
(S21) in the array with DGS (in Fig. 5¢) and that in the
traditional array (in Fig. 5b) of 7.2 dB when d = 43.5 mm,
and 15.1 dB when d = 28.0 mm at each central operating
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Fig. 8 Measured radiation patterns of array with and without
back-to-back U-shaped DGS when d = 43.5 mm

a E-plane
b H-plane

1491
© The Institution of Engineering and Technology 2011



www.ietdl.org

300 /

=20 <
—\With DGS
40270 - = —Without DGS |,
204

Fig. 9 Measured radiation patterns of array with and without
back-to-back U-shaped DGS when d = 28.0 mm

a E-plane
b H-plane

frequencies around 6.03 GHz. To measure the radiation
patterns of the arrays, a power divider is used to feed the
antenna elements with in-phase. The measured radiation
patterns at the operation frequency are shown in Figs. §
and 9. A good agreement between experimental and
analysed results is observed.

It is well known that due to pronounced surface wave
excitation, the strong mutual coupling could worsen
radiation performance of the array [23] shown in Fig. 8a,
which leads to ripple in the radiation pattern. Since the
mutual coupling is suppressed by DGS, strong nulls
disappearance and side-lobes degradation are observed. The
reason is that as the distance becomes larger, the mutual
coupling degrades. Moreover, because of the larger
distance, the proposed DGS performance (in Fig. 8a) for
mutual coupling suppression is not as good as that in
Fig. 9a. The comparison results are in accordance with the
result in Figs. 6a and c, respectively.

4 Scan blindness elimination in infinite
microstrip phased array

The scan characteristic of the infinite microstrip phased array
with the back-to-back U-shaped DGS is studied. Fig. 10
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Fig. 10 Infinite phased array when back-to-back U-shaped DGS is
used to suppress the mutual coupling between the E-plane-coupled

elements

shows the infinite phased array. In this array, the DGS are
only arranged for E-plane mutual coupling reduction. The
periods of the elements along the x- and y-axis are the
same. Based on Floquent’s theorem, the scan characteristic
of the array can be extracted by analysing one of the
elements in the array [24, 25]. Ansoft HFSS 9.2 is used to
perform this simulation. Periodic boundary conditions,
called master and slave boundaries in Ansoft HFSS, are
applied to the simulated unit cell in the x-direction and a
y-direction, and a perfectly matched layer is applied in the
z-direction.
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The active reflection coefficient of the array is used to
describe the array scan characteristic and is defined as

— Zin(es QD) - Zin(oa 0)
Zin(0, ©) + Z;1(0, 0)

IR| G3)

where Z;,(6, ¢) is the input impedance of the element when
the array scans its main beam to (0, ¢), and Z},(0, 0) is the
conjugate of Z;,(0,0). To be matched to the feedline at
broadside, we should have Z;,(0,0) equal to the
characteristic impedance of the feedline. In this study, ¢ is
fixed to zero because we only study the array scan
characteristic in the E-plane.

Figs. 11 and 12 give the calculated active reflection
coefficient of the infinite phased array without and with the
back-to-back U-shaped DGS at the lowest frequency, the
centre frequency and the highest frequency of the operation
frequency band that is determined with a criterion of the
reflection coefficient. Figs. 11a and 12a demonstrate that,
for the traditional phased array, scan blindness occurs in the
E-plane (¢ = 0°) at an angle of about ¢ = 6° and ¢ = 48°
when d = 43.5 mm and d = 28.0 mm, respectively. Just as
shown in Figs. 12b and ¢, when the DGS is loaded between
adjacent E-plane-coupled elements to suppress element
mutual coupling, the scan blindness is eliminated strongly
in both arrays. Comparing Fig. 115 with Fig. 125b, it is
found that a better performance in scan blindness
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Fig. 13  Typical centre active pattern of 7 x 3 element array

a Configuration
b Patterns in E-plane

elimination is achieved by the array with d = 28.0 mm
owing to the stronger mutual coupling suppression ability.

Furthermore, a typical centre active pattern of 7 x 3
element array with an interelement space of 43.5 mm is also
studied, and the scheme is shown in Fig. 13a. Fig. 13b
shows that there are two symmetrically significant nulls at
+6° in the normalised gain pattern of the centre active
element in the array without DGSs and the positions of two
nulls is in accordance with the scan blindness positions in
Fig. 1la [23]. By comparison, the nulls vanish and the
main lobe becomes smoother due to the mutual coupling
reduction by DGSs.

5 Conclusion

In this paper, a simple and compact DGS, consisting of two
back-to-back U-shaped DGS units, is used to suppress
mutual coupling between E-plane-coupled microstrip
antenna elements. The proposed back-to-back U-shaped
DGS can provide good bandgap characteristics with a
smaller etched aperture area. Two-element microstrip arrays
with back-to-back U-shaped DGS are studied and the array
characteristics against different element distances are
explored. The studies indicate that, compared with the
traditional array, the mutual coupling in the array loaded by
DGS is suppressed effectively, and the new array has a
better performance, such as stable main-lobe gain and a
lower side-lobe level. The scanning blindness elimination is
observed in infinite microstrip phased arrays due to
application of DGSs.
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