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Abstract—The inter-element distance in superdirective arrays
is usually very small and hence the mutual coupling is consid-
erably high. Consequently, these arrays present relatively low
efficiencies. In this paper, we propose using decoupling techniques
for reducing the mutual coupling, and hence increasing the
efficiency, in this kind of arrays. The concept is proven by full
wave simulations of two different Electrically Small Antenna
(ESA)-based two-element arrays with an inter-element distance
of 0.1). In the first array with a ka = 0.56, the original (before
decoupling) radiation efficiency of 7% is increased to 13.4% and
the realized gain is increased from —6.4dB¢ to —2.6dBi. In the
second array with a ka = 1.18, the original radiation efficiency
of 52.1% is increased to 63.7% and the realized gain is increased
from 3dBi to 3.9dBi.

Index Terms—Superdirectivity, decoupling, directivity, radia-
tion efficiency

I. INTRODUCTION

Electrically Small Antennas (ESAs) are very important for
compact hand-held technologies. However, these antennas are
known for their quasi-isotropic radiation patterns. To keep the
size advantage of ESAs while significantly increasing their di-
rectivity, one can integrate them in superdirective arrays where
the inter-element distance is usually a fraction of the wave-
length. The available literature is rich of successful realizations
of ESA-based superdirective arrays [1]-[7]. However, due to
the small inter-element distance, these arrays suffer from high
mutual coupling and as a consequence small efficiencies. Re-
cently, multiple decoupling techniques were presented [9]-[12].
In [9], an eigenmode feed network was used to decouple a two-
element array yielding a mutual coupling reduction of 15dB5.
In [10], the authors proposed using a parasitic loaded scatter to
decouple a two-element monopole array. A simulated coupling
reduction of 31dB was achieved. In [11], a decoupling circuit
was used to decouple a two-element patch array achieving a
mutual coupling decrement of 5dB. The decoupling can also
be done by using bandstop filters between the array elements
as in [12] where interdigital capacitor loaded slots were used
to decouple a two-element patch array revealing a coupling
mitigation of 15dB. In the open literature decoupling is mainly
used to mitigate the correlation coefficient and improve the
diversity gain in MIMO arrays. In this paper, we propose using
the decoupling techniques in superdirective arrays to increase
their efficiency. This proposition is validated by the design
of two parasitic ESA-based two-element arrays with an inter-
element distance of 0.1\. The simulation results show that the
proposed method significantly increases the array efficiency.

II. GEOMETRY AND SIMULATION RESULTS

Let us take the example of a two-element ESA based array
shown in Fig. 1(a). This antenna is printed on a 0.76mm-
thick Rogers RO4003 substrate (e, = 3.55,tan(é = 0.0027).
The array simulated ([8]) mutual coupling as a function of the
inter-element distance (d) is given in Fig. 1(a). These results
show that the coupling between the two elements is very
important for small distances, and as the distance increases
the coupling decreases. However, the maximum directivity is
attained when the distance approaches zero. Hence, decoupling
the two elements can be very interesting upto around 0.15A.
The method presented in [10] was used to decouple the array
two elements. However, to keep the original inter-element
distance for small distances, a short printed monopole, and
not and an identical antenna, was used for the decoupling as
shown in Fig. 1(b). To decouple the two elements, the dipole
should be loaded with the loads given in Fig. 1(c). As it can
be noticed, for small distances a small negative resistance
is required. Starting from 0.07), the value of the required
resistance become positive and it increases with the distance
till around 0.2)\ where it starts decreasing again. As for the
required reactance, it can be noticed that it also increases with
the distance till around 0.15\ where it stabilizes. To simplify
the antenna realization, the required negative resistance is
neglected. Moreover, to reduce the losses in the dipole, the
required positive resistance is also neglected and the dipole
is only loaded with an inductor. Standard inductor values are
considered in simulation. As it can be seen from Fig. 1(d), for
small distances the coupling level can be significantly reduced.
However, as the distance increases, and due to neglecting
an important resistive load, the coupling decrement becomes
less important. In [7], a design approach for parasitic-loaded
superdirective arrays was presented. The method was used
to design two two-element ESA-based arrays with an inter-
element distance of 0.1\. In this section, we will investigate
the effect of the decoupling on different antenna parameters.

A. Small Antenna Array

The first array presented in [7] is the same as the one
shown in in Fig. 1(a) with d = 34mm = 0.1A. This array
was designed for 905M H z, had dimensions of 54 X 24mm2,
or equivalently had a ka = 0.56. To maximize the directivity
in the end-fire direction (f = 90°,¢ = 270°), the antenna
two elements current excitation coefficients were respectively
1, 1.32¢7150-4” This fully driven array, presented a simulated
directivity of 7.1d Bi. Then, to transform the array to a parasitic
one, the second element was loaded with a capacitor of
5.1pF. The parasitic array presented a directivity of 7dBi, a
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Fig. 1. Small antenna array geometry. (a) Reference array, (b) with decoupling
(c) required load for decoupling the two elements and (d) simulated mutual
coupling Si2 in dB.

radiation efficiency of 7.1% and a realized gain of —6.4dBi.
The aforementioned technique was used to decouple the two
elements. The monople is loaded at the input with an inductor
of 115nH. This loading shifts the first element resonance to
898 M H z (this is the element to be excited when transforming
the array to a parasitic one). This resonance can be easily
tweaked to its original value however this is not the scope
of this paper; instead the array is directly optimized at the
new resonance frequency. As it can be seen from Fig. 2, the
antenna mutual coupling S12, compared at the corresponding
resonances, is reduced from —4.8dB to —11dB. The antenna
excitation coefficients for achieving superdirectivity in this
case are 1, 2.25¢/122:6°  The fully driven array achieves a
directivity of 6.5dB17. Then, to transform the array to a parasitic
one, the second element should be loaded with 41Q2//1.8pF'.
This antenna presents a directivity of 6.5dB: (Fig. 3(a)), a
radiation efficiency of 13.4% and a realized gain of —2.6dBi.
The antenna input reflection coefficient magnitude in dB and
end-fire directivity given in Fig. 3(b) shows that, despite the
decoupling, the array can be optimized to achieve the maxi-
mum directivity at the resonance frequency. Table I compares
the performance of the parasitic array in the two cases.

TABLE 1. A SUMMARY OF THE SIMULATED RESULTS OF THE
PARASITIC SMALL ANTENNA ARRAY.
Antenna D[dB1] Nrad %] G[dBi] Grealized|dB1]
Reference 7 7 -4.5 -6.4
Decoupled 6.5 13.4 -2.3 -2.6
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Fig. 2. Small antenna array simulated S parameters. Reference (continuous)
and with decoupling (dashed).
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Fig. 3.  Parasitic small antenna array simulated parameters. (a) 3D total
directivity radiation pattern at the resonance and (b) input reflection coefficient
magnitude in dB and end-fire directivity as a function of the frequency.

B. Small Antenna Array on a PCB

The second array in [7], shown in Fig. 4(a), designed
for 866 Hz was mounted on a PCB of 110 x 70mm?2. To
maximize the directivity in the end-fire direction, the antenna
two elements current excitation coefficients were respectively
1, 0.55¢7~101-6” The fully driven array, presented a simulated
directivity of 7.2dBi. To transform the array to a parasitic
one, the first element was loaded with an inductor of 4.35nH.
At the resonance, this array presented a simulated directivity
of 6.6dBi, a radiation efficiency of 52.1% and a realized
gain of 3dBi. Using the same decoupling element as in the
previous case shows that a complex load is required (1.83€2 in
series with 124.5n H ). Replacing these values with the standard
component values, i.e. 1.8(2 and 120nH, leads to a coupling
level of —6dB. To avoid the complex load and enhance the
decoupling, the decoupling dipole was extended as shown in
Fig. 4(b). In this case the dipole is only loaded with 13nH.
This loading shifts the first element resonance to 851M H z. In
this case, as it can be seen from Fig. 5, the mutual coupling
is reduced from —5.7dB to —15.7dB. The array re-optimized
excitation coefficients are 1, 1.24¢7 95" The fully driven array
presents a directivity of 6.5dBi. To transform the array to
a parasitic one, the second element is loaded with 24nH.
The antenna presents a directivity of 6.6dBi¢ (Fig. 6(a)), a
radiation efficiency of 63.7% and a realized gain of 3.9dBi.
The antenna input reflection coefficient magnitude in dB and
end-fire directivity is given in Fig. 6(b). Table II summarizes
the simulation results in both cases.
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Fig. 4. Small antenna array on a PCB geometry. (a) Reference array and (b)
with decoupling.
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Fig. 5. Small antenna array on a PCB simulated S parameters. Reference
(continuous) and with decoupling (dashed).

III. CONCLUSION

In this paper, we proposed decoupling superdirective ar-
rays’ elements for increasing their efficiency. The method was
applied on two arrays with an inter-element distance of 0.1\.
The simulation results showed that decoupling leads to an
observable difference between the two elements resonance
frequency. However, designing the fully-driven array for a
frequency at which one element is resonant (the second is
almost completely mismatched) still presents the same directiv-
ity as the reference array. Furthermore, the parasitic decoupled
array demonstrates a significant realized gain improvement
compared to the reference array. The measured results will
be presented in the final paper.
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