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Abstract: This article presents the design of a novel, compact, 4 × 2 planar-array antenna
that provides quad-beam radiation in the broadside direction, and it enhances coverage and
serviceability for millimeter-wave applications. The antenna utilizes a corporate (parallel)
feed network to deliver equal power and phase to all elements. Non-uniform element
spacing in the two orthogonal planes, exceeding 0.5λ1 (λ1 being the wavelength at 30 GHz),
results in a quad-beam radiation pattern. Two beams are formed in the xz-plane and
two in the yz-plane, oriented at angles of θ = ±54◦. However, this spacing leads to null
radiation at the center and splits the radiation energy, reducing the overall gain. The
measured half-power beamwidth (HPBW) is 30◦ in the xz-plane and 35◦ in the yz-plane,
with X-polarization levels of −20.5 dB and −26 dB, respectively. The antenna achieves
a bandwidth of 28.5–31.1 GHz and a peak gain of 10.6 dBi. Furthermore, increasing the
aperture size enhances the gain and narrows the beamwidth by replicating the structure
and tuning the feed network. These features make the proposed antenna suitable for 5G
wireless communication systems.

Keywords: 5G; array antenna; millimeter wave (mmWave); parallel feed; quad-beam

1. Introduction
The millimeter-wave (mmWave) spectrum has garnered significant attention due

to its ability to offer wide bandwidth and low latency in signal propagation, making it
ideal for high-speed data communications and advanced sensing applications. mmWave
technology spans a broad range of applications, including both communication and non-
communication fields. For instance, mmWave has been employed in radar-based techniques
to monitor electrocardiograms (ECGs) [1]. Its application extends across various domains,
such as cellular communication, health monitoring [1], vehicular communication [2], and
robotic control systems [3].

A key enabler of these applications is the antenna, which plays a central role in ensur-
ing the efficient transmission and reception of mmWave signals. Numerous design method-
ologies have been explored to realize effective antennas for mmWave frequencies [4–9].
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Among these, planar structures [10] have attracted particular interest due to their com-
pact size, ease of integration, and low-profile configuration. However, planar antennas
inherently suffer from lower gain due to their limited aperture size [11,12]. To address
this limitation, array configurations are often employed to enhance gain by increasing the
effective aperture area [4].

Multi-beam antennas are especially advantageous in modern wireless communication
systems as they facilitate improved beam scanning, enabling wider coverage and allowing
more devices or users to connect with a minimal interface. In [7], a complex, leaky wave
antenna (LWA) was designed to achieve a quad-beam. Another design in [13] employed a
combination of LWA with a substrate-integrated waveguide (SIW) to obtain a quad-beam.
However, both designs were intricate and cumbersome due to their large and complex
structures. Similarly, in [14], an inclined planar antenna etched with a U-shaped slot and
SIW cavity was introduced to achieve circular polarization. The 45◦ inclination of the patch
and the slot improved polarization, but the SIW feed mechanism contributed to further
structural complexity. In [15], multiple patch rings were stacked across different layers,
using two orthogonal feeds to achieve dual polarization. To prevent leakage and ensure
efficient coupling, an SIW structure was embedded in the feed layer, further completing
the design.

Simplifying antenna architecture has been a subject of ongoing research. For example,
the authors of [16] demonstrates a planar Fracklin array structure with a series feed,
reducing complexity by integrating a patch and feed network on the same plane. In this
case, the antenna was able to achieve a dual beam at ±45◦. In [17], a straightforward
design transformed a non-radiating microstrip line into a radiating element by introducing
inverted cone patches at half-wavelength intervals, canceling the antiphase magnetic
fields commonly associated with conventional microstrip lines. One of the methods for
generating a simultaneous beam is the use of RF circuitry through which the sub-set of
an array is activated, thus achieving a dual beam in the azimuthal and the other two in
the elevation plane [18]. Similarly, in [19], researchers also demonstrated a multi-beam
pattern in the azimuthal plane using a PIN diode and RF circuitry. However, both these
structures, due to their RF circuitry, were complex. In another approach, in [20], a curved
linear array structure with a non-uniform spacing technique was adopted to form a multi-
beam at varied elevation angles. This method is appropriate for smaller array structures
achieving decent gain; however, it poses limitations when increasing the antenna aperture
for achieving a high-gain performance.

Thus, this article focuses on the design of a novel planar array antenna that addresses
the above design challenges by strategically placing an array structure to achieve a quad-
beam. With quad-beam behavior, the device can simultaneously communicate with two
user devices in the azimuthal plane and another two in the elevation plane. The single-
element antenna presented in this article is a figure-eight-shaped elliptical ring. The
literature has illustrated several elliptical-shaped antennas with defected ground structures
for impedance matching over wide bandwidths. For example, in [21,22], the ground planes
were defected for impedance matching over a wide bandwidth at the cost of reduced
radiation directivity. However, the single-element antenna structure documented in this
article is a novel figure-eight-shaped elliptical ring. Better impedance matching is achieved
by altering the geometry of the patch rather than the ground plane so that the antenna can
simultaneously achieve better resonance and directivity.

Further, the directivity and gain are enhanced by configuring the single-element
antenna to a 4 × 2 array with a corporate (parallel) feed network, ensuring equal power
and phase distribution across all elements. The compact structure has dimensions of
2.02λ1 × 1.82λ1 (where λ1 is the wavelength at 30 GHz). The design leverages non-uniform
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element spacing to form a quad-beam pattern, with a detailed analysis provided on the
radiation characteristics and beam formation mechanism. The proposed antenna achieves a
maximum gain of 10.6 dBi, potentially improving further gain by replicating and modifying
the feed network. The design is well-suited for 5G wireless communication applications,
where high-gain, multi-beam capabilities are critical for a robust performance.

2. Single-Element Antenna
2.1. Design Procedure

The single-element antenna is a highly compact structure etched on a Rogers 5880
substrate, which has a relative permittivity of 2.2 and thickness of 0.254 mm. The design
operates at a wavelength of λ1 (where λ1 is a wavelength at 30 GHz). The base design is a
dual-ellipse configuration derived from a conventional circular patch [23].

A typical circular patch antenna with a radius of 1.82 mm generates resonance at
λ1, resulting in a total area of 10.40 mm2. This circular area is divided into two elliptical
sections to form a dual-ellipse structure in the proposed design. Each elliptical section
has a major axis (Eh1), which determines the resonance of the antenna, the dimension of
which is derived from the cavity model Equation (1) for the TM10 operation mode. The
dimension of the minor axis (Ev1) significantly affects the impedance matching and tuning
the resonance, which is judicially chosen.

f1 =
c

2π
√

εe f f
·
√( m

Eh1

)2
+

( n
Ev1

)2
, (1)

where c is 3 × 108 (m/s) and εe f f is the relative permittivity, which is approximately 1.6
in this case. The m and n are fundamental modes along the x-axis and y-axis, respectively.
In this case, m = 1 and n = 0, and then the resulting Eh1 is equal to 3.95 mm for 30 GHz.
Further, this is tuned to 3.74 mm to obtain a better result with a minor axis (Ev1) of 1.7 mm,
providing an individual area of approximately 5 mm2. Together, the two elliptical sections
closely match the area of the original circular patch. As illustrated in Figure 1a, the dual-
ellipse design is implemented to increase the effective antenna aperture, thereby enhancing
gain. The antenna achieves improved surface current distribution and overall performance
by redistributing the area in two elliptical structures. A quarter-wave transformer with a
guided wavelength of λg long at 30 GHz and having an impedance of 75 Ω is used to feed
the antenna, aiming to match the antenna impedance with the port. However, a significant
impedance mismatch is observed, as depicted by the surface current distribution shown in
Figure 1b.

Figure 1. Initial design of the antenna (Ant1) (a), and its surface current representation (b).
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The antenna’s initial impedance is measured to be 2.84 − j2.38 Ω, indicating a short
current path and low reactance. This low impedance suggests that the patch antenna
presents minimal resistance to the surface currents.

To address this issue, the impedance is adjusted by increasing the electrical length of
the oscillating current. This is achieved by introducing elliptical slots within both elliptical
structures of the antenna, as shown in Figure 2. Now, due to the slot, the electrical length
is close to 3.74 mm, which results in improved resonance at 30 GHz, as evidenced by the
cavity model in Equation (1). The slots extended the current path, resulting in a substantial
increase in reactance. The modified antenna impedance is measured as 59.32 − j21.74 Ω,
bringing it closer to the target of 50 Ω. This improvement is further illustrated through the
surface current distribution shown in Figure 3a.

Figure 2. Final design of the single-element antenna (Ant1). The dimensions in mm are: EL = 7.3,
Eh1 = 3.74, Ev1 = 1.7, Eh2 = 3, Ev2 = 1, Fl1 = 1.8, Fw1 = 0.4, Fl2 = 1, Fw2 = 0.78, SW1 = 8, and SL1 = 7.

Figure 3. Surface current distribution of the final single-element antenna (Ant1) in (a), and
(b) represents its reflection coefficient of a comparison of the initial elliptical antenna and the fi-
nal elliptical ring (figure-eight) antenna.

Despite these modifications, the bandwidth remains relatively narrow, ranging from
30.12 to 30.56 GHz. Efforts to enhance the impedance match and current distribution have
contributed to improved antenna performance within this frequency range.

The single-element antenna (Ant1) achieved a peak gain of 7.8 dBi, as shown in
Figure 4a. With a fully grounded structure at the bottom, the radiation is directed in the
broadside direction. The half-power beamwidth (HPBW) is measured to be 71◦ in the



Electronics 2025, 14, 1056 5 of 19

xz-plane and 56◦ in the yz-plane. Ant1 demonstrates excellent X-polarization performance
in the xz-plane, while the X-polarization in the yz-plane is acceptable, as illustrated in
Figure 4b.

Figure 4. (a) The 3D radiation pattern and peak gain of Ant1, and (b) a 2D representation with co-
and X-polarization in the xz- and yz-planes.

The electric field (E-field) energy in the E-plane exhibits linear polarization, aligning
vertically along the x-axis at the resonance frequency, thereby generating vertical polariza-
tion. However, the slotted elliptical structure causes opposing magnetic field components,
which results in higher X-polarization in the H-plane. This behavior is further explained
through the Poynting vector representation shown in Figure 5, which highlights the field
interaction and polarization effects within the antenna structure. The Poynting vector
determines the direction of propagation through the product of electric and magnetic
components. The radiated electromagnetic wave in the far field region is independent
of distance, and it should have the real part of the Poynting vector and be free from the
imaginary part to achieve maximum power transfer [24,25]. The higher the magnitude of
the Poynting vector, the higher the radiated power. In Figure 5, the red arrows indicate the
higher magnitude vectors, and these high-magnitude vectors are aligned vertically and
partly horizontally; as a result, a high X-polarization has occurred, as depicted in Figure 4b.

Figure 5. A Poynting vector representation of Ant1.

2.2. Antenna Modeling Using Transmission Line

In the previous section, the antenna structure is designed and tuned using the finite-
element method (FEM), which provides the overall response of the antenna structure.
However, it does not provide insight into the part-by-part structure behavior, and this can
be comprehended by transforming the antenna geometry to a transmission line model.
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The transmission line model offers detailed insight into the changes in the impedances in
figure-eights at distinct points, as well as the effects of feed line and ground. Thus, this
section discusses the above antenna transmission line model in detail.

At mmWave, the dimension of the proposed antenna is comparable with the wave-
length; as a result, the voltage and current on the structure at different points vary, and
consequently, the phase changes. Thus, the modeling of the antenna as a parallel RLC
circuit does not fully comply. As a result, we split the entire structure into small lengths
of transmission line, as shown in Figure 6, and we apply the transmission line theory to
find the total impedance (ZT) at the input. The conducting area of the patch is transformed
to multiple series inductances at different points due to varying conductive widths. Like-
wise, the slot in the patch is transformed into the shunt capacitance connected between
the series inductive impedances. The same principle is applied to the feed and ground
layer. This impedance circuit is realized in the circuit simulator and tuned to achieve the
desired response. Further, the total input impedance is computed using the transmission
line equations.

Figure 6. Modeling of the single-element antenna with the transmission line theory.

ZIT is the intermediate impedance at the input of the quarter-wave transformer, with
a quarter-wave transform impedance of 75 Ω. The load impedance (ZL) is the impedance
of two elliptical rings, which are further split as impedances Z1, Z2, and Zc1. The elliptical
ring has varied widths; consequently, its impedance also varies. Thus, it is modeled with
two impedances, Z1 and Z2. The capacitance effect in the ring is represented by the shunt
capacitive impedance Zc1. Zc2 and Zcg are the coupling capacitors between the patch
and the ground plane. Therefore, the load impedance ZL and ground impedance Zg are
obtained using Equations (2)–(10), as follows:

ZL =
Z1c2 Z1c2

Z1c2 + Z1c2
, (2)

where
Zc12 = ZC11 =

Z1Zc1

2Z1 + Zc1
, (3)

Z11 =
(Z1)

2

2Z1 + Zc1
, (4)

Zc112 = Zc113 = Zc11 + Z2 , (5)
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Zp =
Zc112 Zc113

Zc112 + Zc113
, (6)

Z1c2 = Z11 + Zp + Zc2, (7)

ZL =
Z1c2 Z1c2

Z1c2 + Z1c2
, and (8)

ZLg1 =
ZLg ZLg

ZLg + ZLg
. (9)

Zg = Zcg + ZLg1 (10)

The load and ground impedance together are obtained by ZLgd, as follows:

ZLgd =
ZL Zg

ZL + Zg
. (11)

Due to the quarter-wave transform, the input impedance ZIT is obtained as follows:

ZIT =
(ZFl1)

2

ZLgd
. (12)

Further applying the transmission line equation, the total input impedance is obtained
as follows:

ZT = ZFl1
ZIT + jZFl1 tan(β1l1)
ZFl1 + jZITtan(β1l1)

, (13)

where β1 and l1 are the phase constant and length, respectively, of the impedance ZFl1. The
Figure 6 is modeled in the circuit simulator to find its impedances. The reflection coefficient
graph of the simulated and modeled antenna is compared in Figure 7a. From the circuit sim-
ulator, the obtained impedances are Z1 = 27.1 + 77.28j, Z2 = 8.2 + 50.89j, Zc1 = −53.05j,
Zc2 = −15.6j, Zcg = −84.2j, and Zlg = 111.21j. Substituting these impedances in the above
equations results in the load impedance ZL = 8.82 + 24.24j and the ground impedance
Zg = −28.59j. The obtained intermediate impedance ZITis 74.58 − 8.16j and the total
input impedance ZT is 55.91 − 21.63j. The impedance graph from the numerical method
is compared with the results of the FEM and circuit simulator shown in Figure 7b. The
numerically estimated input impedance is close to 50 Ω; however, it shows slight capacitive
impedance, and this is due to the shunt capacitance effect. Nonetheless, the modeled
antenna reflects the 50 Ω characteristics at 30.4 GHz.

Figure 7. (a) Comparison of the reflection coefficient |S11| obtained from the electromagnetic solver
and the circuit simulator. (b) The impedance comparison of the numerical method, electromagnetic
solver, and circuit simulator.
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2.3. Parametric Analysis of the Single-Element Antenna

In this section, the effect of the reflection coefficient and drift in the resonance frequency
of the single-element antenna (Ant1) are discussed due to the variations in the major (Eh1)
and minor (Ev1) axes of the elliptical patch and the major (Eh2) and minor (Ev2) axes of
the elliptical slot. Figure 8a,b illustrates that the changes in the length and width of the
elliptical patch significantly impact the impedance matching. In fact, the increase in the
width of the patch increases the area and the length of the electrical current, thus drifting
the resonance to a lower frequency, though with poor impedance matching.

Figure 8. Effect on the reflection coefficient of the single-element antenna from the variations in the
major (Eh1) and minor (Ev1) axes of an elliptical patch in (a) and (b), respectively. Likewise, the
variations in the resonance frequency are due to variations in the major (Eh2) and minor (Ev2) axes of
the elliptical slot in (c) and (d), respectively.

On the other hand, the elliptical slot plays a vital role in impedance matching and
tuning the resonance frequency to the desired response. Figure 8c,d demonstrates that the
electrical current taking the shortest path is the slot’s circumference, where the conductive
area exists. As a result, for a smaller major axis (Eh2), the antenna results in resonance
at a higher frequency. Further, with an increased Eh2, the resonance drifts to the lower
frequency. A similar effect is observed for the change in Ev2. Thus, the resonance can be
varied with the slot length and width.

3. Array Antenna Design
In an array antenna, increasing the aperture size leads to higher gain. However, one

of the major challenges is designing an efficient feed network that can distribute power
evenly across all elements. To address this, Ant1 is transformed into an array structure
using a parallel feed network. This approach simplifies the design while ensuring that
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equal power and phase are delivered to each element. Additionally, a slight improvement
in bandwidth is observed with the array configuration.

In the case of Ant1, the elliptical structure spans 0.74λ1 along the y-axis, which necessi-
tates an inter-element spacing of greater than λ1/2 to minimize the mutual coupling effects.
However, this spacing also contributes to the formation of grating lobes, which result in a
distinctive quad-beam radiation pattern. The evolution of the radiation behavior has been
systematically studied, progressing from a basic 2 × 1 array to the final 4 × 2 array configu-
ration. This progression demonstrates how non-uniform spacing and array geometry play
critical roles in achieving the desired multi-beam performance.

3.1. A 2 × 1 Array Antenna

A 2 × 1 array structure (Ant2), as shown in Figure 9a, is designed and analyzed for its
radiation pattern. The interelement spacing (Es1) along the x-axis is 0.6λ1, which is slightly
greater than a half-wavelength. Equal power is split between A1 and A2 with the aid of a
T-junction stub having an impedance of Z1. The splitting stub length is half of the injection
stub. To feed the power to the T-splitter, a feed line length is tuned to Z2 (where Z1 = 50 Ω
and Z2 = 100 Ω).

Figure 9. (a) The 2 × 1 array antenna (Ant2) with elements separated by a distance of Es1 = 6 mm,
where SW2 = 8 mm and SL2 = 10 mm. (b) A pictorial representation of the wave formation by the
2 × 1 Ant2 due to the Es1 spacing.

The radiation pattern is well described by the array factor (AF). For a two-element
linear array, AF = I1ej(0) + I2ej(Ψ). Since both antennas are provided with equal power,
where k is the wavenumber, β is the phase difference between elements and I = I1 = I2.
Applying Eulers rule and simplifying leads to the following:

AF = I
(

1 + ej(kEs1cos(θ)+β
)

, (14)

where k is the wavenumber, β is the phase difference between elements, and I = I1 = I2.
Applying Eulers rule and simplifying leads to the following:

AF = 2I
∣∣∣∣cos

(
kEs1cos(θ) + β

2

)∣∣∣∣ . (15)

Since the parallel feed mechanism is used, the phase difference (β) between the
elements will be zero. Equation (15) is fed to the Matlab tool to study the radiation
behaviors for the different distances of Es1. Further, with a 0.6λ1 distance, the desired dual
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constructive beam is obtained, for which the feed network is designed and simulated using
the FEM method.

Generally, when array elements are considered along the x-axis, the radiation pattern
must form a narrow beam pattern in the xz-plane. However, in this case, it is quite different.
A pictorial representation of the wave-formation of the 2× 1 array is shown in Figure 9b. As
Es1 > 0.5λ1, the beam is stretched along the x-axis, forming an elongated pattern between
A1 and A2. However, between these two elements, the wave cancels due to the phase
difference, causing a null at the center. Thus, an ε-shaped pattern can be seen in the xz-plane.
It is also worth noting that, due to the dual-elliptical structure of each element, a narrow
beam is formed in the yz-plane. The 3D radiation pattern shown in Figure 10a illustrates
this phenomenon. It is also worth noting, as shown in Figure 10b, that with the 2 × 1 array,
the X-polarization in the yz-plane is improved compared to the single-element antenna
shown in Figure 4b. The limitation with Es1 > 0.5λ1 is that the radiation energy is spread
along the x-axis, resulting in a marginal increase in gain. In the case of the 2 × 1 array, the
gain is 8.1 dBi, which shows an increment of 3.77% in gain compared to Ant1.

Figure 10. (a) The resulting 3D radiation pattern of Ant2. (b) A 2D representation of the 2 × 1 array
(Ant2) antenna.

3.2. The 2 × 2 Array Antenna

Here, the Ant2 array is expanded to a 2 × 2 array of Ant3, as shown in Figure 11. In
this case, the AF is a product of the AF along the x-axis (AFx) and y-axis

(
AFy

)
, as follows:

AF(θ, φ) =
(

1 + ej(kEs1cos (θ)sin (φ) )
)
·
(

1 + ej(kEs2sin (θ))
)

. (16)

Figure 11. The 2 × 2 array (Ant3) with Es1 = 6 mm, Es2 = 10 mm, SW3 = 18 mm, and SL3 = 10 mm.
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The pair (A1, A2) and (A3, A4) form a constructive pattern in the broadside; however,
due to Es2 = 1.01λ1, two additional beams are formed at the different elevation angles (θ),
as shown in Figure 12. The gain of Ant3 is increased by 19% and 22.72% compared to Ant2
and Ant1, respectively. Ant2 has a main feed line impedance (Z1) of 50 Ω, connected to a
100 Ω Z2 line. Here, no transformation is required because, at the point of injection, the Z2

line is considered as two 100 Ω lines; thus, its parallel impedance becomes 50 Ω. Therefore,
the main feed line is connected directly to the 100 Ω line.

Figure 12. A demonstration of the 3D radiation pattern formation of Ant3 (a) and its respective 2D
pattern (b).

3.3. The 4 × 2 Array Antenna

This section proposes a final 4 × 2 array antenna (Ant4). It is to be noted that the
interelement spacing between rows is not equal, and as a result, the pair of antennas
generates a quad-beam. The proposed Ant4 is shown in Figure 13. The array factor (AF)
for this particular case is as follows:

AF(θ, φ) = AFx(θ, φ)· AFy(θ), (17)

where

AFx(θ, φ) =
(

1 + ejkEs1cos (θ)sin(φ) + ej(k(Es1+Es3)cos (θ)sin(φ) + ej(k(2·Es1+Es3)cos (θ)sin(φ)
)

and (18)

AFy(θ) =
(

1 + ejkEs2sin(θ)
)

. (19)

From the above equation, it is clear that the pair (A1, A2) and (A3, A4) causes the
generation of the beam at θ1 and φ1 = 0◦. Likewise, (A3, A4) and (A7, A8) generate a beam
at θ2 and φ2 = 90◦, while (A7, A8) and (A5, A6) lead to a beam at θ3 and φ3 = 180◦. The
fourth beam is due to (A1, A2) and (A5, A6) at θ4 and φ4 = 270◦. At θ = 0◦, the intensity
of all quad beams is low, thus canceling the radiation pattern and generating a null with
minor lobes. The estimated radiation pattern from the above equation is compared with the
simulated pattern shown in Figure 14. Thus, Ant4 results in the dual-beam in the xz-plane
at an angle of θ = ±54◦, with a half-power beamwidth (HPBW) of 31◦. In the yz-plane,
the dual-beam is achieved at an angle of θ = ±58◦, with an HPBW of 34◦. Ant4 results
in a high X-polarization of −24 dB in the xz-plane and −18 dB in the yz-plane, as shown
in Figure 15. Ant4 achieves bandwidths ranging from 29.81–30.5 GHz, as illustrated in
Figure 16a, with a peak gain of 10.3 dBi and an average total efficiency of 77%, as depicted
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in Figure 16b. It is worth noting that as the array antenna aperture increases, the bandwidth
increases towards the lower frequency.

Figure 13. The proposed 4 × 2 array antenna (Ant4), with Es3 = 4 mm, SL4 = 20 mm, and
SW4 = 18 mm.

Figure 14. Comparison of the 3D radiation obtained from (a) the equation, and (b) the simulated
radiation pattern from Ant4 at 30.2 GHz.

Figure 15. The simulated radiation pattern of Ant4 representing the co- and X-polarizations in
(a) xz-plane and (b) yz-plane.



Electronics 2025, 14, 1056 13 of 19

Figure 16. (a) A comparison of the proposed Ant4 reflection coefficient |S11| with its previous
antenna structures. (b) The simulated gain and total efficiency of Ant4.

4. Results and Discussion
4.1. |S-Parameter|

The design of an array antenna begins with the development of a single-element
structure (Ant1) which has compact dimensions of 0.71λ1 × 0.81λ1. Initially, the antenna
design resembles a circular patch, but this is modified into a dual-elliptical structure,
which leads to an impedance mismatch. To address this, elliptical slots are etched within
the structure, reducing the patch area but increasing the path of surface current to λ1.
This adjustment generates a resonance at 30 GHz. The single-element antenna (Ant1)
demonstrates a bandwidth ranging from 30.12 to 30.56 GHz and achieves a gain of 7.8 dBi.

The antenna’s performance is progressively enhanced by expanding Ant1 into a
4 × 2 array configuration (Ant4). The proposed array antenna exhibits a quad-beam behav-
ior pattern through which a node device can simultaneously communicate with two other
devices in the azimuthal plane and another two in the elevation plane. The distinctive
beams forming at an angle of ±54◦ provide low interference between the communicating
devices. However, in the process of achieving quad-beam, the antenna results in a slightly
higher side-lobe level at ±15◦, which could be reduced further by optimally increasing the
spacing between the elements or by providing the distinctive phase and amplitude to form
the constructive quad-beam with destructive patterns at the center. The spacing larger than
optimal may result in undesired lobes, which distort an antenna’s performance.

To obtain a quad-beam, the Ant4 array features non-uniform element spacing along
the x-axis, with 0.6λ1 spacing between both the first and second rows and the third and
fourth rows, while the spacing between the second and third rows is reduced to 0.4λ1. This
non-uniform spacing separates the elongated beams observed in the previous 2 × 2 array
(Ant3), and it results in dual beams in the xz-plane. In the y-axis, the spacing is maintained
at one wavelength, which preserves the dual beams in the yz-plane like Ant3. The overall
dimensions of Ant4 are 2.02λ1 × 1.82λ1. The increase in radiating elements effectively
expands the antenna aperture, thereby improving the gain.

The simulated results are validated through prototype fabrication. The fabricated
antenna structure is shown in Figure 17a, with the measurement setup illustrated in
Figure 17b. A comparison of the simulated and measured reflection coefficients (|S11|)
indicates that the simulated bandwidth for |S11| ≥ 10 dB is 29.81–60.5 GHz, while the
measured bandwidth is slightly broader, ranging from 28.5 to 31.1 GHz, as shown in
Figure 18. The simulated resonance is at 30.2 GHz, while the measured resonance is
at 30.5 GHz. The discrepancies in the simulated and measured results might be due to
several factors. One such factor might be the use of an adopter to the interface vector
network analyzer (VNA) to the antenna port because the used antenna port is a 2.4 mm
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SMA connector from Johnson, and its threading dimensions are different than the cable’s
male connector. Also, other factors like fabrication tolerance and port soldering may have
affected the antenna’s performance. Despite these differences, the bandwidth of simulated
results falls under the measured results, with a shift in resonance of 0.5 GHz.

Figure 17. (a) Prototype fabrication of the Ant4 antenna. (b) Measurement setup of the |S-parameter|
and radiation pattern in the anechoic chamber.

Figure 18. The simulated and measured reflection coefficient |S11| of the proposed Ant4 antenna.

4.2. Radiation Pattern

The Ant4 antenna achieves a quad-beam in the broadside direction due to the non-
uniform spacing, with two in the xz-plane and the other two in the yz-plane at an angle of
θ = ±54◦. To provide a better perspective of the radiation pattern in the band of interest, it
is shown at 30 GHz and 30.2 GHz in Figure 19. The simulated HPBW in the xz-plane is 33◦

and the measured HPBW is 30◦, with an X-polarization of −21/−23 dB and −20/−20.2
dB, respectively. Likewise, in the yz-plane, the simulated HPBW is 31◦ and the measured
HPBW is 35◦, with an X-polarization of −28/−18 dB and −32/−26 dB, respectively. The
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simulated and measured gains of Ant4 in the band of interest are 10.3 dBi and 10.6 dBi,
respectively, with the simulated average total efficiency of 77%, as depicted in Figure 20.

Figure 19. The simulated and measured radiation patterns of Ant4 at 30 GHz and 30.2 GHz.
(a) Pattern in the xz-plane and (b) in the yz-plane.

Figure 20. Plot of the gain and total efficiency of Ant1 compared with Ant4.

4.3. Performance Comparison

The proposed Ant4 antenna is compared with existing designs, as summarized in
Table 1. While multilayer structures, such as rectangular waveguides with patches [26]
and magneto-electric (ME) dipole antennas [27], demonstrate superior performance in
bandwidth, gain, and directivity, these designs come with significant complexity. However,
multilayer antennas are challenging to manufacture due to alignment issues between the
layers, where even slight mismatches can result in substantial performance degradation.
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Table 1. Comparison of the proposed array antenna with state-of-the-art designs.

Ref. Dim in λ3 Res.
GHz

Design
Technique

Array
Conf.

BW in
GHz

HPBW
in xz-
Plane
(deg)

X-pol.
in xz-
Plane
(dB)

HPBW
in yz-
Plane
(deg)

X-pol.
in yz-
Plane
(deg)

Gain
(dBi)

Avg.
Tot.
Effi.
(%)

[16] 1.96 ×
3.74 × 0.15 28

Planar array
with hybrid

feeding
2 × 6 27–28.4 57◦ NAV 20◦ NAV 11.5 NAV

[26] 4.2 × 4.2 ×
1.93 28

Multilayer
with a

groove-gap
waveguide

2 × 2 26.9–
33.1 16◦ NAV 16◦ NAV 22 NAV

[27] 5 × 3 ×
0.017 30

Magneto-
electric

dipole with
parallel feed

4 × 4 19–51 17◦ −20 16◦ 18 18 82

[28] 7.25 ×
4.3 × 0.07 60

Planar array
with parallel

feed
1 × 4 50–65 65◦ NAV Omni. NAV 5.37 65.5

[29] 4.8 ×
1.72 × 0.07 28

Planar array
with hybrid

feed
6 × 2 27.06–

28.54 58◦ NAV Omni. NAV 16 83

[30] 1.64 ×
3.6 × 0.03 28

Planar array
with parallel

feed
2 × 4 27.75–

28.8 54◦ NAV 20◦ NAV 11 NAV

[31] 10.55 ×
0.02 *

Planar dipole
array 8 28–29.1 Omni. NAV Omni. NAV 5 77

[32] 1.93 ×
1.92 × 0.05 28

Planar array
with parallel

feed
1 × 2 28–32.5 60◦ NAV 30◦ NAV 10.8 NAV

Prop. 2 × 1.8 ×
0.02 30

Planar array
with parallel

feed
4 × 2 28.5–

31.1 30◦ −20.2 35◦ −26 10.6 77

Note: Array Conf., array configuration; NAV, not available, The dimension of [31] with * is circular structure.

In contrast, planar structures [28–32] offer simplicity in both fabrication and integration
while still providing a satisfactory performance for practical applications. Among these,
the proposed Ant4 antenna achieves better directivity than all other planar structures listed,
with particularly strong X-polarization control in both the xz- and yz-planes. Additionally,
the bandwidth performance of the Ant4 antenna (28.5–31.1 GHz) surpasses that of other
designs, such as those in [29–31]. The gain of the proposed antenna (10.6 dBi) is also
competitive with the other designs, ensuring a robust performance. Consequently, the
performance of the proposed Ant4 with other planar arrays (ignoring the multilayer
structures) is illustrated in Figure 21 through a figure-of-merit plot for a better perspective
and improved comprehension.

Overall, the proposed antenna strikes a balance between performance and structural
simplicity, making it well-suited for 5G wireless applications that require high-gain, multi-
beam coverage. Its compact size, scalability, and efficient quad-beam radiation pattern posi-
tion it as an attractive alternative to more complex multilayer or waveguide-based designs.
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Figure 21. Figure-of-merit plot comparing the proposed antenna Ant4 performance with other
planar arrays.

5. Conclusions
The article presents the design of a compact 4 × 2 array antenna with dimensions of

2.02λ1 × 1.82λ1 for 5G millimeter-wave applications. The proposed antenna achieved a
quad-beam radiation pattern through the innovative use of non-uniform element spacing.
A detailed progression was provided, beginning from the analysis of a single-element
antenna and scaling up to the final 4 × 2 array configuration. The non-uniform inter-
element spacing of greater than 0.5λ1 was identified as the primary factor enabling the
formation of the quad-beam pattern. This unique configuration resulted in two beams in
the xz-plane and two beams in the yz-plane, improving the coverage and beam steering
capabilities in the azimuthal and elevation planes, which are essential for modern 5G
communication networks.

The innovation in this work lies in the antenna’s ability to achieve complex multi-
beam radiation using a simple planar structure and a parallel feed technique. The design
maintains structural simplicity and reduces the fabrication challenges often associated with
multilayer or waveguide-based antenna systems. By optimizing the element spacing and
tuning the feed network, the antenna effectively mitigates mutual coupling and radiation
nulls, ensuring a stable performance with a peak gain of 10.6 dBi and a bandwidth spanning
28.5–31.1 GHz. Furthermore, the design is scalable, with gain improvements demonstrated
through aperture replication.

These advancements make the proposed antenna highly suitable for 5G wireless appli-
cations where multi-beam coverage, high gain, and compact size are critical performance
factors. Compared to existing designs, this antenna offers a balanced trade-off between
performance and complexity, achieving better or comparable directivity, bandwidth, and
polarization characteristics without the need for intricate feed structures or multiple layers.
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