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Abstract— In this study, we introduce a novel antenna design
method for superdirective antennas that combines low complexity
with high radiation efficiency, while being impedance-matched
to 50 �. We applied this approach to design, fabricate, and
measure a superdirective antenna array (SDA) with a high
realized antenna gain (i.e., 6.3 dBi) and radiation efficiency
(i.e., 99.3%), consisting of two strip dipole elements operating
at a frequency of 3.5 GHz. The fabricated antenna has an
electrical size of 1.55, underscoring its compactness in addition
to its high gain. Our approach is distinguished by its ability
to achieve high directivity and radiation efficiency, along with
impedance-matching to 50 �, through meticulous adjustments
of the strip dimensions (i.e., length and width) and the phase
difference between elements. This method eliminates the need for
external impedance-matching networks, amplifiers, attenuators,
parasitic elements, or loads, marking a significant advancement
in the development of practical superdirective antenna designs.

Index Terms— Antenna arrays, antennas, dipole antennas,
directive antennas, microstrip antenna arrays, superdirective
antenna arrays (SDAs).

I. INTRODUCTION

THE advent of modern mobile communication networks,
including fifth-generation (5G), sixth-generation (6G),

and beyond, has been driven by the ever-increasing demand
for faster download speeds and low latency, enabling seamless
connectivity to work and social digital platforms. With the
exponential growth of data-intensive applications and the need
for reliable connectivity, these systems have become a neces-
sary response to meet the evolving requirements of today’s
digital society. One of the critical aspects of these advanced
communication technologies is the deployment of efficient and
advanced antenna systems [1], [2] to support the enhanced
capabilities of these networks.

In the context of 5G [3], which is currently the most
prevalent mobile communication technology, the frequency
band most widely used for applications falls within the range
of 3.3–4.2 GHz. The selection of the sub-6 GHz range for
5G deployment is driven by the desire to strike a balance
between coverage and capacity. However, the transition to 5G
communication systems requires the use of high-gain antennas
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to compensate for the higher path losses associated with higher
frequency operation. This results in antennas that are not only
larger in size but also more complex in geometry. Such an
escalation in both the dimensions and complexity presents
significant challenges to antenna design. This complexity also
contributes to an increase in manufacturing costs. It is there-
fore crucial to use sophisticated antenna design techniques to
simultaneously achieve high gain and maintain compactness,
facilitating the seamless integration of 5G antenna systems into
diverse applications without compromising performance.

To address the challenges posed by the large size and high-
gain requirements of 5G antenna systems, researchers are
exploring innovative approaches, with superdirective antenna
arrays (SDAs) emerging as a particularly promising solution.
The concept of superdirectivity was first introduced by
Uskov [4], who demonstrated through theoretical analysis that
a uniform linear array (ULA) of N isotropic radiators can
achieve endfire directivity approaching N 2 as the spacing
between elements approaches zero, assuming the radiators
are excited with appropriately chosen voltage signals. Hansen
further refined the concept of superdirectivity by establishing
a criterion for SDAs: an array is considered superdirective if
its directivity surpasses that of an identical array with uniform
excitation [5]. This principle enables SDAs to maintain com-
pact designs while achieving higher directivity than traditional
antenna arrays. Subsequent studies have focused on analyzing
and developing SDAs [6], [7], [8], [9], [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19], [20], with many attempting
to link superdirectivity with Harrington’s theoretical maximum
directivity limit, which is M2

+2M and depends on the number
of orthogonal modes, M , of the antenna [6]. Nonetheless, it is
important to clarify that Harrington’s limit is not the defining
criterion for superdirectivity.

It is crucial to acknowledge that SDAs come with cer-
tain disadvantages and barriers to their practical deployment.
A primary limitation is the necessity to drive the antenna with
precisely selected voltage signals, implying the need for ampli-
fiers or attenuators. This requirement not only increases the
complexity of the antenna system but also escalates the ohmic
losses. These losses, in turn, reduce the radiation efficiency
and thus the antenna gain. In addition, the impedance charac-
teristics of SDA elements often exhibit high reactance, making
it challenging to achieve impedance-matching at the standard
50 � [21], thus complicating the practical implementation of
superdirective arrays.

To address these limitations, researchers have suggested
incorporating parasitic elements and/or additional loads
strategically positioned on the radiating elements of the
antenna array, as demonstrated in various studies [22], [23],
[24], [25], [26]. Although these methods can reduce high
losses, they often result in complex antenna designs. More-
over, many of these approaches do not adequately consider
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the impact of impedance mismatch losses. A conventional
method for reducing return losses involves designing an
impedance-matching network for the superdirective antenna.
While this strategy can effectively decrease mismatch losses,
it also introduces higher ohmic losses into the system. This
tradeoff underscores why antenna designs often prioritize
impedance-matched antennas directly, rather than relying on
additional impedance-matching networks.

Consequently, there is a pressing demand for a superdirec-
tive antenna design approach that is low in complexity, min-
imizes radiation losses, avoids the need for extra impedance-
matching networks, and achieves impedance-matching to 50 �

directly. In addition, this design should eliminate the need to
adjust the magnitude of the excitation voltage signals, thereby
obviating the need for attenuators and/or amplifiers.

The contribution of our work lies in the design of a
low-complexity superdirective antenna that does not require
the use of amplifiers, attenuators, impedance-matching net-
works, loads, or parasitic elements. Our design uses only two
driven dipoles, each approximately half a wavelength in length.
Through theoretical analysis, simulations, and measurements,
we have demonstrated that by slightly adjusting the length
and width of the dipoles, we can achieve directivity very
close to Harrington’s theoretical limit, alongside high radi-
ation efficiency and impedance-matching to 50 �. Another
innovative aspect of our work is that our entire development
is based on the realized gain, which accounts for both ohmic
and return losses. This antenna design approach, presented for
the first time in the literature, represents a novel example of
a low-complexity superdirective antenna.

This article is structured as follows: We first introduce our
proposed antenna design approach and validate it through
theoretical analysis, using analytical expressions for two adja-
cent linear dipoles. We corroborate our theoretical analysis
with numerical analysis for additional verification. Building
on these insights, we then proceed with the design of a
two-element strip dipole antenna array. The resulting design
undergoes comprehensive simulation via full-electromagnetic
analysis, followed by fabrication and measurement of gain
and return losses. The measured results closely match our
simulated and theoretical predictions. Finally, the antenna
is evaluated against cutting-edge designs. Contrary to the
current state-of-the-art, the proposed superdirective antenna
features a low profile and exhibits high radiation efficiency
and directivity, closely approaching the maximum Harrington
limit. In addition, it achieves impedance-matching to 50 �.

II. ANTENNA DESIGN

A. Theoretical Analysis
When antennas are located in close proximity, the effect

of mutual coupling between them cannot be ignored. The
mutual impedance serves as an indicator of the degree to
which antenna cross interaction proximity effects are present.
This section presents the theoretical analysis of a two-element
antenna array, as depicted in Fig. 1. The array consists of
linear wire dipoles arranged in a parallel, side-by-side format
along the ρ-axis at a distance d from each other, with centers
at positions (xi , yi ), lengths L i , radii ai , input voltages, and
currents Vi and Ii , respectively, where i = 1, 2. To evaluate
the mutual and self-impedances Z i j of the antenna array,

Fig. 1. Array of wire dipole antennas with an interelement distance of d ,
lengths of elements L1 and L2, and radii of elements a1 and a2.

where i, j = 1, 2, we consider it as a two-port network.
Therefore, in general, when both the antennas are excited, the
relationship between the driving voltages and input currents is
expressed as follows [27]:[

V1
V2.

]
=

[
Z11 Z12
Z21 Z22.

][
I1
I2.

]
⇔ v = Zn in. (1)

The impact of the first dipole on the second dipole is repre-
sented by the mutual impedance Z21, which is defined as [28]

Z21 =
V oc

2

I1
. (2)

Thus, the mutual impedance Z21 is defined as the ratio of the
induced open-circuited voltage at the terminals of the second
dipole when only the first dipole is driven, and vice versa
for Z12. Note that according to reciprocity, Z21 = Z12. The
induced open-circuited voltage is given by [28]

V oc
2 = −

1
I2

∫ l2

−l2

Ez(z)I2(z)dz (3)

where l2 = L2/2 and Ez(z) is the electric field caused by
the driven first dipole on the second dipole. To calculate
Ez(z), we need to define the currents that flow through the
dipoles. We assume that the dipoles have lengths close to half-
wavelength, so we can use a sinusoidal current distribution in
this analysis. Thus, we have

I2(z) = I2
sin[k(l2 − |z|)]

sin[k l2]
, |z| ≤ l2 (4)

where I2 ∈ C is the input current of the second dipole,
k = 2π/λ is the wavenumber, and λ is the wavelength. Note
that I1(z) can also be given by (4) by setting I2 → I1 and
l2 → l1 = L1/2. The electric field along the second antenna
is given by [28]

Ez(z) = − j
η0 I1

4π sin[k l1]

(
e − jk R(21)

a

R(21)
a

+
e − jk R(21)

b

R(21)
b

−2 cos[k l1]
e − jk R(21)

c

R(21)
c

)
(5)
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where η0 is the characteristic impedance of free space and
z ∈ [−l2, l2], and

R(21)
a =

√
d2 + (z − l1)

2

R(21)
b =

√
d2 + (z + l1)

2

R(21)
c =

√
d2 + z2. (6)

By substituting (3)–(6) into (2)

Z21 = j
η0

4π sin[k l1] sin[k l2]

∫ l2

−l2

A21(z)dz (7)

where

A21(z) =

(
e − jk R(21)

a

R(21)
a

+
e − jk R(21)

b

R(21)
b

−2 cos[k l1]
e − jk R(21)

c

R(21)
c

)
sin[k(l2 − |z|)]. (8)

Note that the integral in (7) does not have an analytical
solution. Therefore, we used numerical integration techniques,
specifically global adaptive quadrature, to accurately evaluate
the integral [29].

To obtain the near-field on the surface of the first dipole,
we set d → a1 and l2 → l1 in (6) because the integral is
now estimated on the first dipole, and not on the second. The
resulting expression is

Z11 = j
η0

4π sin2[k l1]

∫ l1

−l1

A11(z)dz (9)

where now

A11(z) =

(
e − jk R(11)

a

R(11)
a

+
e − jk R(11)

b

R(11)
b

−2 cos[k l1]
e − jk R(11)

c

R(11)
c

)
sin[k(l1 − |z|)] (10)

and

R(11)
a =

√
a2

1 + (z − l1)2

R(11)
b =

√
a2

1 + (z + l1)2

R(11)
c =

√
a2

1 + z2. (11)

Similar analysis can be applied to estimate Z22. With the given
driven voltages v, solving (1) provides the input currents in,
which are used to define the sinusoidal currents Ii (z) based
on (4). Thus

in = Zn
−1 v (12)

where ( )−1 denotes the inverse matrix.
By determining the currents in, the radiation pattern of

the array can be obtained, and the radiation intensity can be
expressed as

U (in, θ, φ)

=
η0

8 π2

∣∣∣∣∣
N∑

i=1

Ii
cos[k li cos θ ] − cos[k li ]

sin θ
e j k⃗·d⃗i

∣∣∣∣∣
2

(13)

where N is the number of antenna array elements (in this
example, N = 2 since we have two dipoles), k⃗ = kr̂ is the
wavevector, where

r̂ = sin θ cos φ x̂ + sin θ sin φ ŷ + cos θ ẑ (14)

is the unit vector in spherical coordinates, and d⃗i = xi ,

x̂ + yi , ŷ + zi , ẑ is the vector that indicates the position of
the dipoles. Hence, the directivity is given by

D ≜ 4π
U (in, θ, φ)

Pr
(15)

where

Pr ≜
∫ 2π

φ=0

∫ π

θ=0
U (in, θ, φ) sin θ dθdφ (16)

is the total radiated power. The radiated power represents a
portion of the input power to the two-port system and is
defined as

Pin ≜ Pr + Pl (17)

where Pl represents the ohmic losses on the dipoles. In the
calculation of directivity, it is assumed that there are no ohmic
losses on the antenna array, and therefore all the input power
is radiated. In this scenario (i.e., Pl → 0), it can be presumed
that Pin = Pr, as stated in [14]

Pr =
1
2

Re
{
in H Zn in

}
=

1
2

Re
{(

Zn
−1 v

)H v
}

(18)

where ( )H denotes the Hermitian transpose.
On the other hand, when calculating the gain of an antenna

array, it is essential to consider the ohmic losses associated
with the wire dipoles. In general, the gain of an antenna is
given by

G ≜ 4π
U (il, θ, φ)

Pin
= 4π

U (il, θ, φ)

Pr + Pl
(19)

where now Pl ̸= 0. Ohmic losses are a result of the skin
effect [30]. Based on this effect, we can derive the loss
resistance per unit length on the i th conductive wire dipole
as

rl,i =
1

2ai

√
f µ0

πσ
(20)

where f , µ0 = 4π × 10−7 H/m, and σ are the operating
frequency, magnetic permeability of free space, and wire
conductivity, respectively. Thus, for the current distribution
of (4)

Rl,i = rl,i

∫ li

−li

∣∣∣∣ Ii (z)
Ii

∣∣∣∣2 dz =
kL i − sin[kL i ]

4kai sin2[k L i
2

] √ f µ0

πσ
. (21)

In addition, the relationship between the driving voltages and
the input currents is now expressed as follows:

v = Zl il = (Zn + Rl) il (22)

where Rl = diag(Rl,1, . . . , Rl,N ), and il is the matrix of the
input currents of the lossy network. Hence, similar to (12)

il = (Zn + Rl)
−1v. (23)
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The input power is now given by

Pin =
1
2

Re
{
il H (Zn + Rl)il

}
=

1
2

Re
{(

(Zn + Rl)
−1v

)H v
}
. (24)

The definition of the directivity and gain of an antenna array
incorporates the corresponding power density. The power
density is determined by the input currents, which do not
consider the ohmic losses on the radiating elements when
estimating directivity, but do take into account the ohmic losses
when estimating gain. Consequently, the power density for
directivity (i.e., U (in, θo, φo)) differs from the power density
for gain (i.e., U (il, θo, φo)). In addition, the radiation effi-
ciency, defined as the maximum gain divided by the maximum
directivity, is represented by the following equation:

η ≜
G
D

=
Umax(il, θo, φo) Pr

Umax(in, θo, φo) Pin
(25)

which incorporates the maximum radiation density for the
lossless case (i.e., Umax(in, θo, φo)) and the lossy case (i.e.,
Umax(il, θo, φo)).

It is noted that in the literature, the radiation efficiency is
often defined as the ratio of the radiated power to the input
power, expressed as

η =
Pr

Pin
. (26)

Equation (26) follows from (25), assuming an identical power
density in both directivity and gain estimation. However,
it is crucial to note that power density depends on the input
currents, which vary when estimating directivity and gain. The
input currents account for ohmic losses in the gain estimation,
but this consideration is absent in the directivity estima-
tion. Consequently, this disparity leads to inaccuracies when
using (26) to calculate radiation efficiency. For instance, when
considering the scenario where copper wires with lengths L1 =

L2 = λ/2, radii a1 = a2 = λ/1001, are placed side by side at a
distance d = λ/2, and driven by voltages V1 = V2 = 1 V, the
calculated value of η based on (25) is 99%. On the other hand,
applying (26) yields a different value of 100.94%, clearly
demonstrating the inaccuracies caused by the application of
this simplified formula.

Another important parameter is the realized gain, which is
defined as the product of the port efficiency ηport and the gain,
and thus

G R ≜ ηport G (27)

where

ηport = 1 − |0a|
2

=
vH
(
I − SH S

)
v

vH v
(28)

where 0a is the total active reflection coefficient [31], [32],
S is the S-parameter matrix of the two-port network, calculated
at the reference impedance of Z0 = 50 �, and I is an identity
matrix with the same dimension as S.

The antenna array was optimized to achieve superdirectivity.
The goal was to maximize the directivity, gain (which con-
siders ohmic losses, equivalently radiation efficiency), and
realized gain (which accounts for both radiation efficiency and
return losses at 50 � in our case) by varying the interelement

Fig. 2. Endfire directivity, gain, and realized gain of the optimal antenna array
in terms of dB scaling are analyzed in relation to the interelement distance
(analytical and numerical results).

distance from 0.1λ to 0.5λ, where λ is the operating frequency
wavelength (assumed to be 3.5 GHz for sub-6 GHz 5G
systems). The analysis is based on theoretical calculations
and formulas, i.e., on (15), (19), and (27). Design parameters
include the lengths (L1, L2), radii (a1, a2), and interelement
phase difference (1φ). In contrast to the state-of-the-art
approach [9], [14], [15], [16], we fixed the driven voltages’
magnitude at 1 V/m to avoid using additional components such
as amplifiers or attenuators.

Particle swarm optimization (PSO) was used as the opti-
mization method for the solution of the problem

Maximize
{L1,L2,a1,a2,1φ}

f (L1, L2, a1, a2, 1φ)

subj. to: L1, L2 ∈ [0.4λ, 0.6λ]
a1, a2 ∈

[
λ/2001, λ/201

]
1φ ∈

[
0◦, 360◦

]
(29)

where function f represents the directivity (15), the gain (19),
or the realized gain (27). Each interelement distance had an
optimal set of design parameters for maximum directivity,
gain, and realized gain. The results in Fig. 2 reveal a sig-
nificant increase in directivity as the interelement distance
approaches zero, indicating superdirectivity. The gain reaches
its maximum when the interelement distance is approximately
0.1λ, accounting for ohmic losses. Similarly, the realized gain,
which considers return losses at 50 �, peaks at an interelement
distance of around 0.2λ (specifically at 0.17λ). In contrast,
the directivity trend alone suggests enhancement as d tends
to zero with appropriate excitation signals, and this finding
does not account for ohmic losses or return losses. Moreover,
the directivity calculated at d = 0.2λ is 7.3 dBi. In addition,
the directivity estimated in [9] for two isotropic elements
is 3.5 when using linear scaling. In our specific scenario,
considering dipoles of length close to half-wavelength and a
theoretical maximum directivity of 1.67, the predicted direc-
tivity is 10 log10(1.67 · 3.5) ≈ 7.7 dBi, which closely aligns
with our findings.

Fig. 3 depicts the optimal interelement phase difference
(1φ) for achieving maximum directivity, gain, and realized
gain as a function of interelement distance. While 1φ displays
significant variation for realized gain, it remains approximately
200◦ for directivity and gain, even up to an interelement
distance of 0.4λ. This observation suggests that the directivity
and gain are relatively insensitive to phase setting.
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TABLE I
OPTIMUM DESIGN PARAMETERS: THEORETICAL ANALYSIS AT 3.5 GHz

Fig. 3. Interelement phase difference for maximum endfire directivity, gain,
and realized gain of a two-wire dipole antenna array versus interelement
distance. The remaining design parameters (i.e., L1, L2, a1, and a2) are held
constant at their optimal values.

Finally, Table I provides insight into the lengths (L1, L2)
and radii (a1, a2) yielding the maximum realized gain as a
function of the interelement distance. Notably, the lengths of
the wire dipoles consistently remain below half-wavelength for
interelement distances up to 0.5λ. This suggests that optimiz-
ing the lengths within this range is crucial for achieving high
realized gain. In addition, the radii of the wire dipoles appear
to approach the upper limit of λ/201 ≈ 0.005λ in most cases.
This observation implies that increasing the radius of the wires
may lead to even higher realized gain. However, to maintain
the assumption of a valid sinusoidal current distribution over
the dipoles, we adhered to the empirical rule of keeping the
wires as thin as possible.

According to Harrington’s study [6], the maximum directiv-
ity, Dmax, of a lossless antenna that completely fills a sphere
with radius a is given by the equation

Dmax = (ka)2
+ 2ka (30)

where k = 2π/λ is the wavenumber. The term ka is also
known as the antenna’s electrical size. In our specific case,
with an interelement distance of 0.2λ, the resulting radius a
is approximately 22 mm. Applying Harrington’s findings, the
maximum directivity of such an antenna is 7.7 dBi, which
aligns with our expectations. In addition, the achieved realized
gain reaches a maximum of 6.4 dBi, indicating close proximity
to this theoretical upper limit.

These analytical findings suggest that it is feasible to
implement a practical super realized gain antenna by carefully
designing the dipoles in the array.

B. Numerical Analysis
Concluding the theoretical analysis presented in the previous

section, we validated our findings through numerical analysis.
Specifically, we first applied the method of moments using the
Antenna Toolbox of MATLAB [33]. We modeled the dipoles
using the dipoleCylindrical function and the array using the
linearArray function. The conductor was defined using the
metal function, with a conductivity of 5.8 × 107 S/m and
a thickness of 35 µm. We used the same optimum design
parameters as in the theoretical study. The results are depicted
in Fig. 2. Regarding the directivity, there is a perfect agreement
between the theoretical and numerical results from 0.05λ to
0.5λ. A good agreement is also observed for the gain case.
However, as the dipoles get closer to each other or become
thicker, the agreement for the realized gain decreases. This
has an impact on the estimation of (21), which in turn affects
the resulting impedance matrix Zl in (22). The impedance
matrix is used to calculate the S-parameters in (28). Note that
the numerical method estimates the current distribution on the
surface of a cylinder with radius ai , which differs from the
linear distribution predicted in the theoretical analysis based
on (4). Therefore, as the radius increases, the assumption of (4)
becomes less accurate.

One of the main objectives of this work is to construct an
SDA. Therefore, although wire dipoles offer analytical expres-
sions and their theoretical study is feasible, we have chosen to
focus on strip dipoles instead due to the advantages offered by
the fabrication process. For example, fabricating wire dipoles
with accurate interelement distance is challenging compared
with the fabrication of strip dipoles with accurate widths. Strip
dipoles can be easily manufactured by etching metal traces on
PCB substrates, resulting in structurally robust configurations
and accurate geometries. In addition, strip dipoles often exhibit
a wider bandwidth compared with wire dipoles [30].

For comprehensive electromagnetic numerical simulations,
we used the commercial solver CST Studio Suite 2022 [34],
specifically the time-domain solver. This software allowed
accurate modeling of the antenna array, analysis of its radi-
ation pattern characteristics, and examination of the array’s
impedance. The simulated array is depicted in Fig. 4. Copper
material with a conductivity of 5.96×107 S/m and a thickness
of 35 µm was used for the metallic components. The strip
dipoles were defined by their respective lengths, L1 and L2,
widths, w1 and w2, and positioned at a distance of d from each
other. The dipoles were driven by input voltages V1 and V2.
Discrete ports with 50 � were used to model the excitation of
the array. For practical reasons, the strips were modeled on a
substrate based on RO4003C, with a thickness of 0.813 mm,
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Fig. 4. Strip dipole array with interelement distance d, lengths and widths
of elements L1 and L2, and w1 and w2, respectively, and excitation signal
applied to the elements V1 and V2.

Fig. 5. Antenna array’s realized gain for the optimized and uniform cases
versus interelement distance at 3.5 GHz (simulated results). The 3-D radiation
pattern for the optimized result when d = 0.2λ is also shown.

a dielectric constant of εr = 3.55, and a dissipation factor of
tan δ = 0.0027. The modeled substrate was assumed to have
dimensions of 50 × 50 mm.

The antenna array was optimized to achieve superdirectivity
by maximizing the realized gain while varying the interele-
ment distance from 0.05λ to 0.5λ (at 3.5 GHz). The design
parameters included the lengths L1 and L2, the widths w1 and
w2, and the interelement phase difference 1φ ∈ [0, 360◦

]

of the elements. To keep implementation complexity low, the
magnitude of the driven voltages was again fixed at 1 V/m.

The PSO method was used once again. The outcomes
are shown in Fig. 5, which displays the maximum achieved
antenna array realized gain as a function of the interelement
distance d, maximized to 6.3 dBi at d = 0.2λ. It is evident
that each d value has an optimal set of design parameters that
yield the highest realized gain (Table II).

When considering the uniform case for d = 0.2λ, the array
exhibits a realized gain of 1.1 dBi and is broadside. This
indicates an improvement of approximately 5.2 dBi for the
superdirective array.

In addition, for d ≥ λ/2, the antenna array becomes
broadside, and the improvement is marginal, as the optimized
antenna realized gain only slightly differs from the uniform
case. This aligns with expectations, as the superdirectivity
phenomenon does not occur under these conditions (i.e., when
d ≥ λ/2).

TABLE II
OPTIMUM DESIGN PARAMETERS: NUMERICAL ANALYSIS

AT 3.5 GHz (STRIP DIPOLES ON SUBSTRATE)

Fig. 6. Simulated realized gain radiation patterns in the horizontal plane
(xy plane) for (a) co-polar pattern where maximum realized gain is achieved
at φ = 0◦, and for (b) cross-polar pattern, which is significantly less, denoting
the antenna’s strong linear polarization.

The radiation efficiency η as a function of d/λ is also
listed in Table II for interelement distances up to 0.5λ. It can
be observed that the antenna array exhibits extremely high
radiation efficiency, exceeding 99.2% for all interelement cases
computed.

Fig. 6 illustrates the simulated realized gain in the horizontal
plane (xy plane) for the optimal case with an element spacing
of d = 0.2λ. The maximum simulated realized gain achieved
is 6.3 dBi, observed at φ = 0◦ in the co-polar plot, indicating
an endfire antenna array configuration. The angular width,
estimated at the 3 dB drop-off points, is 126◦. Fig. 6 also
illustrates the cross-polarized realized gain in the horizontal
plane, highlighting the linear polarization of the antenna.

In SDAs, the surface current distribution plays a crucial role
in achieving high directivity and gain [30], and it is typically
nonuniform. It is characterized by strong currents flowing
in specific regions of the array elements while minimizing
currents in other areas. This nonuniform current distribution
helps in shaping the radiation pattern and achieving high
directivity. The specific current distribution pattern depends
on the design and geometry of the array elements. The
spacing, size, and arrangement of the elements, as well as the
excitation amplitudes and phases, all contribute to the desired
surface current distribution. In this work, the simulated surface
current distribution is depicted in Fig. 7. It is evident that the
distribution is not uniform, as expected.

The impact of the phase difference 1φ on the realized
gain, with all other design parameters at their optimal values,
is depicted in Fig. 8. The graph demonstrates that varying the
phase difference to 175◦ or 253◦ from the maximum at 215◦

leads to a reduction in realized gain of 0.5 dB. This observation
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Fig. 7. Simulated surface current distribution for simultaneous optimal
excitation at 3.5 GHz, when the interelement distance is 0.2λ. Ports are
numbered, and strip dipoles lie on an RO4003C substrate.

is of significance in fabrication, as minor deviations in the
phase difference do not exert a substantial influence on the
maximum realized gain.

C. Implementation and Measurements
After completing the theoretical study and conducting a

comprehensive numerical analysis using full-electromagnetic
simulation, we proceed to the implementation phase. The
antenna array is fabricated based on the design concept
discussed above, which involves strip dipoles with slightly
different lengths and radii (or widths). These dipoles are
excited by signals of equal magnitude but different phases,
enabling impedance-matching to 50 �.

For validation purposes, the antenna array with an interele-
ment distance of d = 0.2λ was selected. To achieve a precise
phase difference, coaxial cables (RG405) of different lengths
were used to feed the strip dipoles. The strips were etched
on an RO4003C substrate with a thickness of 0.813 mm,
a dielectric constant of ϵr = 3.55, and a dissipation factor
of tan δ = 0.0027. A balun (balanced to unbalanced) of length
λ/4 was incorporated to match the balanced structure of the
dipole with the unbalanced structure of the coaxial cable, as
shown in Fig. 9. SMA connectors were used for feeding.
Before fabrication and measurement, the antenna array was
subjected to numerical simulation to determine the optimal
design parameters. Similar to the previous design, the lengths
L1, L2, w1, and w2 were considered. However, this time,
to achieve the optimal phase difference, the length of the
first coaxial cable (Lc1) was fixed at Lc1 = λ/2 and the
optimal length of the second cable (Lc2) was determined.
Following numerical optimization, the final design parameters
were obtained: L1 = 33.7 mm, L2 = 29.1 mm, w1 = 4.8 mm,
w2 = 3.5 mm, and Lc2 = 81.3 mm.

To measure the realized gain, we used the method of three
antennas [30]. This method involves the use of a transmitting
antenna (Tx), the antenna under test (AUT), and a reference
antenna. In our setup, we opt to use identical transmitting
and reference antennas [35] to simplify calculations. A signal
generator was used at the transmitter, emitting at a frequency
of 3.5 GHz with a power of 0 dBm, while a vector network
analyzer (VNA) was used at the receiver. In addition, we took
into account any losses incurred by the cables used in our
setup. Instead of using a power divider, we performed our

Fig. 8. Impact of the phase difference 1φ on the realized gain (simulated
results): when 1φ ranges from 175◦ to 253◦, the realized gain experiences a
decrease of merely 0.5 dB.

Fig. 9. (Left) Prior to fabrication, the antenna array underwent simulation
to obtain optimal values for the design parameters. In this scenario, the
interelement phase difference was achieved using coaxial cables of different
lengths: Lc1 was fixed at λ/2, while Lc2 was estimated as a design parameter
instead of 1φ. In addition, a Pawsey balun with a length of λ/4 was
implemented on both the dipoles to ensure a smooth transition from the coaxial
cables to the strip dipoles. (Right) Fabricated antenna array.

Fig. 10. Measurement setup in anechoic chamber and the AUT.

measurement in two steps and then combined the results
algebraically. Specifically, in the first step, we measured the
received power at the first dipole while terminating the second
dipole at 50 �. In the second step, we repeated the process
but with the roles of the first and second dipoles reversed. The
AUT was rotated to obtain the received power in the horizontal
plane (H-plane). Due to the antenna’s symmetry, we measured
the rotation angles from 0◦ to 180◦. All the measurements were
conducted within the controlled environment of an anechoic
chamber, as shown in Fig. 10.

The measured results, along with the simulated results,
are shown in Fig. 11. Good agreement is observed between
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TABLE III
COMPARISON OF TWO-ELEMENT SDAS

Fig. 11. Measured and simulated results of the realized gain in the horizontal
plane (H-plane): indicating that the proposed antenna is behaving as a super
realized gain antenna array, with a maximum realized gain of 6.3 dBi, at
3.5 GHz.

the measured and simulated results. At 3.5 GHz, the pro-
posed antenna exhibits a measured realized gain of 6.3 dBi.
The observed ripples could be due to balun manufacturing
tolerances, the finite size of the substrate, or attenuation.
Fig. 12 shows the measured and simulated S-parameters of
the antenna array, demonstrating a high level of agreement
between them. Furthermore, at 3.5 GHz, both S11 and S22
exhibit values below −10 dB, indicating low return losses at
50 �. The antenna operates within the frequency range of
3.44–3.62 GHz, resulting in a measured fractional bandwidth
of 5.1%. In addition, by analyzing the S-parameters, we can
estimate the impedance of each antenna element [30]. Specif-
ically, the measured S-parameters at 3.5 GHz are presented in
polar form (dB scale) as follows:

S =

[
−14.5 19.2◦ −9.7 172.3◦

−9.8 172.3◦ −11.2 13.3◦

]
. (31)

Thus, the measured antenna impedances at 3.5 GHz for
the first Za,1 and second Za,2 radiating elements through the
corresponding impedance parameters z are

Za,1 = Z11 −
Z12 Z21

Z22 + 50
= 70.9 + j9.1 � (32)

Fig. 12. Measured and simulated S-parameters of the fabricated antenna
array. It is evident that the reflection coefficient of both the dipoles is less
than −10 dB, indicating an impedance-matching to 50 � at the operating
frequency of 3.5 GHz.

and

Za,2 = Z22 −
Z12 Z21

Z11 + 50
= 85.6 + j11.8 �. (33)

This results in reflection coefficients of −14.5 and −11.2 dB,
respectively, which agree with the plot in Fig. 12. Thus, the
measurements closely correspond with our theoretical and
simulated results.

III. DISCUSSION

Table III provides a detailed comparative analysis of our
proposed two-element superdirective antenna design against
state-of-the-art alternatives. This analysis is based on prototype
measurements at their operational frequencies, fc. The com-
parison focuses on key performance metrics such as antenna
directivity (D) and either gain (G) or radiation efficiency (η),
which are critical attributes for antennas. In addition, we have
calculated the maximum directivity (Dmax) in relation to
Harrington’s limit. Although this limit does not directly
indicate superdirective behavior, it offers valuable insight into
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how superdirectivity can lead to the development of highly
directive antennas without increasing the antenna size. The
table also includes a comparison of the antennas’ realized gain,
reflecting the efficiency of impedance-matching at 50 �,
a crucial aspect of our design methodology. The complexity
of superdirective antenna designs is another focus area,
acknowledging that implementing superdirectivity typically
involves sophisticated features such as amplifiers, attenuators,
parasitic elements, lumped loads, and impedance-matching
networks. Conversely, a low-complexity design omits these
elements, thereby simplifying the development approach.

In the work by Altshuler et al. [9], the experimental focus
was on measuring of the gain of a two-element resonant
monopole array across various spacings. The objective was
to achieve superdirectivity by adjusting the magnitude and
phase of the input signals to the monopoles. The experiments
revealed a gain increase as the element spacing decreased,
up until the point where the ohmic losses of the copper
monopoles began to offset the gains. This research offers
valuable insights into the practical challenges and limitations
of SDAs, as it used attenuators and amplifiers to fine-tune
the magnitude and phases of the driven monopoles. A gain
of 9.5 dBi was achieved at an interelement distance of 0.2λ.
While this is significantly higher than the gain achieved with
uniform excitation, thereby justifying superdirective operation,
it falls short of the maximum Harrington’s limit of 18.1 dBi
when considering the size of the antenna’s ground plane.

The research presented in [12] explores the design of a
superdirective antenna. This design uses a slot magnetic dipole
as the radiator and two other magnetic dipoles as parasitic
elements. The prototype effectively demonstrated that the
antenna’s directivity could be increased using a single active
element, complemented by passive elements arranged in a
Yagi–Uda configuration. The antenna operates on a metal
ground plane and exhibits a maximum measured directivity
of D = 9.9 dBi at a frequency of 435 MHz. When consider-
ing the total size of the antenna, the maximum directivity,
according to Harrington’s method, is Dmax = 12.4 dBi.
Another notable aspect of this antenna is its measured gain
of G = 7.3 dBi, which results in a radiation efficiency of
only 55%.

In the work by Mazinani and Hassani [22], a new approach
is explored to boost the directivity of a two-element planar
monopole antenna array by attaching small parallel plates to
the monopoles’ radiating edges and finely tuning the elements’
spacing and relative phase shift between the elements. The
research resulted in enhanced directivity, recording a maxi-
mum of D = 8.3 dBi at 5.3 GHz and a radiation efficiency
of 80%. Despite these improvements, the maximum directivity
remains significantly below the theoretical limit of Dmax =

33.6 dBi, as dictated by Harrington’s bound, which considers
the antenna’s total dimensions, including the ground plane.

The study in [23] investigates the theoretical limits and
experimental validation of SDAs. The research is centered
on deriving the upper bounds for the directivity of linear
arrays, constructed from closely spaced radiating elements,
specifically electrical dipoles. This is achieved using a spher-
ical wave expansion (SWE) as a function of the number of
array elements and their interelement spacing. The researchers
proposed a new bound for the maximum achieved directivity,

which differs from Harrington’s limit. The theoretical findings
were validated through the experimental testing of three array
configurations, each with two, three, and four elements. In all
the antenna configurations, a single folded element is driven
using a balun, complemented by passive strip dipole elements
arranged in a Yagi–Uda configuration. These elements are
loaded with resistance and inductance components. For the
four-element array (a folded dipole is driven, and the remain-
ing three elements are strip passive dipoles), the proposed
theoretical method predicts a maximum directivity of 12.4 dBi
at 0.850 GHz. This aligns well with the simulated figure of
12.2 dBi. The measurements for the directivity were conducted
at a slightly different frequency of 0.852 GHz and showed a
maximum of 10.3 dBi. The corresponding values for the gain
are −1.7 (theoretical), −1.1 (simulated), and 2.1 (measured)
dBi, respectively, resulting in a measured radiation efficiency
of only 15%. To increase the antenna gain from −1.7 to
2.1 dBi, the parasitic dipoles were loaded with connected
resistance and inductance components. For the two-element
array, the proposed theoretical model predicted a maximum
theoretical directivity and gain of D = 7 dBi and G = 5.9 dBi,
respectively, resulting in a radiation efficiency of 77.6% at
0.85 GHz. To increase the measured gain, a load component
is again connected to the parasitic element, and then the
maximum measured gain was G = 6.8 GHz, but at a different
frequency of 0.878 GHz. Although the use of extra loads led
to the enhancement of gain, the calculation of their values,
which is discussed in detail in [26], and their difference
with the commercially used loads, makes the antenna design
challenging. In addition, for this work, the directivity based on
Harrington’s limit was not calculated and shown in Table III,
as the exact size of the antennas was not mentioned. Finally,
the impedance-matching properties of the antenna designs are
not provided in this study, and hence not included in Table III.

The work presented in [24] introduces a method for design-
ing parasitic coplanar, loaded SDAs. The study explores
different antenna array geometries with a focus on achiev-
ing high directivity within compact designs. The research
resulted in the creation and testing of a two-element prototype
with a total size of λ/3 × λ/5. The antenna resonated at
0.9 GHz and demonstrated a maximum measured directivity
of D = 6.8 dBi. This signifies an increase in directivity
of 0.8 dB over Harrington’s limit, which is Dmax = 6 dBi.
However, the measured radiation efficiency was approximately
η = 70%. This indicates a tradeoff in the design between
achieving superdirective performance and maintaining high
radiation efficiency. The latter cannot be addressed merely
using substrates of low losses, as the same research group
mentioned in [25].

While the use of a matching network and a low-loss sub-
strate can improve the antenna radiation efficiency (especially
in grounded microstrip or printed antennas, where the substrate
can introduce ohmic losses [36]), several other factors also
play a crucial role, such as the antenna design approach [37],
[38], [39]. In an antenna array of metallic strip dipoles
lying on a substrate, the ohmic losses, which impact the
antenna’s radiation efficiency, primarily originate from the
conductivity of the metallic parts of the antenna rather than
from the dielectric losses of the substrate, due to the absence
of a ground plane. This is mathematically expressed in (17)
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and (21). In addition, the use of any load or parasitic element
to achieve impedance-matching can increase the ohmic losses,
thus reducing the radiation efficiency. In stark contrast to the
state of the art, our antenna design approach for impedance-
matched superdirective antennas does not include any loads or
parasitic elements. This is the key factor in maintaining low
ohmic losses and high radiation efficiency in our proposed
superdirective antenna.

IV. CONCLUSION

Achieving superdirectivity in antenna arrays while main-
taining high radiation efficiency and low impedance-matching
losses remains a formidable challenge in the field of antenna
design. Reviewing state-of-the-art methodologies reveals that
substantial advancements have been made using parasitic ele-
ments, often complemented with loading to enhance directivity
and decrease the impedance-matching losses. However, this
approach frequently results in reduced radiation efficiency and
necessitates complex antenna designs to balance performance
metrics. Particularly, when using low-profile elements such as
monopoles, the integration of attenuators and even amplifiers
becomes essential, further complicating the design process.
Moreover, the incorporation of ground planes, although ben-
eficial for certain antenna properties, tends to increase the
overall size of the antenna system without proportionately
enhancing maximum directivity. This often results in a signifi-
cant disparity between achieved directivity and the theoretical
Harrington’s limit. Contrasting these challenges, our method
introduces a novel design of a low-profile, super realized gain
antenna, using merely strip dipoles with subtle variations in
length and width. This approach simplifies the design process
not only by avoiding the need for parasitic elements, extensive
ground planes, and loads but also effectively bridges the
gap between practical directivity achievements and theoretical
limits, marking a significant leap forward in superdirective
antenna array design.
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