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ABSTRACT
This article presents the design, fabrication and experimental validation of a compact linear series‐fed microstrip antenna array 
with dual circular polarisation (CP) capability. The proposed structure consists of a 4 × 4 slotted circular patch array excited via 
four microstrip lines using a coplanar proximity coupling technique. Dual‐CP operation is achieved through two miniaturised 
and distinct microstrip power divider networks, enabling the generation of either left‐hand or right‐hand CP based on the 
excitation port. To maximise gain and efficiency, the design reduces feedline branching and employs optimised slotted patch 
elements, resulting in low power loss and high radiation efficiency. The antenna achieves a realised peak gain of 19.4 dBic 
across 12.2–12.7 GHz and a 3‐dB axial ratio bandwidth from 11.9 to 13.1 GHz. Simulation and measurement results demonstrate 
excellent agreement. Thanks to its compact size, wide bandwidth, dual‐CP functionality and high gain, the proposed antenna 
offers a promising solution for point‐to‐point wireless communication systems. Compared to existing multi‐ and single‐layer 
microstrip‐based CP arrays, this work introduces a simplified feed structure and improved performance, demonstrating clear 
advancement in antenna array design.

1 | Introduction

Wireless circular polarisation (CP) has gained considerable 
attention in modern communication systems because of its 
numerous advantages. Its ability to radiate in all planes in
creases the likelihood of establishing reliable links, particularly 
in dynamic environments. As a result, CP antennas help reduce 

multipath reflections, delay spread and polarisation mismatch 
losses, while allowing more flexible orientation between trans
mitting (Tx) and receiving (Rx) antennas [1–4]. These advan
tages make CP antennas highly suitable for a wide range of 
applications, including biomedical devices [5], wireless sensors 
[6], THz applications [7–9], energy harvesting [10], internet of 
things (IoT) [11] and in 5G/6G technologies [12–15].
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CP antennas typically support either LHCP or RHCP. In many 
advanced wireless systems, the ability to support both is known 
as dual‐CP and is especially valuable for improving link reli
ability and communication flexibility [16–19]. Dual‐CP an
tennas also benefit from reduced susceptibility to multipath and 
Faraday rotation, leading to more consistent performance in 
complex environments [20–23].

A key design challenge in dual‐CP antennas is achieving both 
LHCP and RHCP radiation in a compact form while allowing 
for polarisation selection. In Ref. [13], dual‐CP is realised using 
two separate patch elements, which increases the size and 
complexity of the antenna, although it does improve isolation. 
More recent designs attempt to generate either LHCP or RHCP 
by exciting specific ports, which improves efficiency [24].

Despite these advances, mutual coupling or self‐interference 
between the ports remains a critical limitation in dual‐CP de
signs. This unwanted electromagnetic interaction degrades port 
isolation and overall radiation performance [25, 26].

According to the sequential rotation method, a low‐cost single‐ 
layer dual‐CP series‐fed antenna is presented in Ref. [27]. Curved 
microstrip lines capable of being printed on a single PCB layer 
without any problems with manufacturing, assembly or pro
cessing provide the antenna's radiation elements. Because of this, 
although it has an axial ratio (AR) bandwidth of just about 10%.

Using circular grooves along with two orthogonal L‐shaped 
feeders in the ground plane, producing RHCP and LHCP in 
the same frequency band is possible. Meanwhile, the efficiency 
of the CP antenna can be enhanced by suitably slotting and 
including parasitic components on the ground plane. By doing 
fabrication, the suggested antenna's gain decreases despite 
having a higher AR [28].

Furthermore, these designs may experience strong coupling 
between closely spaced patches, particularly when radiation 
occurs from both sides of the substrate—adversely affecting the 
axial ratio.

An alternative technique is the dual‐CP travelling‐wave series‐ 
fed array, using slotted circular patches and microstrip 
coupling [29, 30].

It has been demonstrated in Ref. [31] that if the feeding network 
can maintain the proper amplitude and phase over the fre
quency, the CP bandwidth (BW) in the axial broadside direction 
can be considerable. Nevertheless, the performance of the 
feeding network and the radiating devices limits the practical 
circular polarisation BW due to mutual coupling, magnitude 
errors, impedance mismatch and phase errors.

To achieve the appropriate phase shifting and power splitting 
among the radiating elements, researchers in Refs. [32, 33] 
propose using a series‐fed network. The feed network is 
configured with an open ring structure.

The CP antennas proposed in Ref. [34] exhibited a limited axial 
ratio bandwidth (ARBW). In contrast, the antenna designed in 
Ref. [35] introduces a structure that increases the ARBW, but the 

gain is low. Researchers in Ref. [36], by analysing and comparing 
the structure by including or not the U slot, reached a result that a 
U slot shape would create a narrower ARBW. However, as 
demonstrated in Ref. [37], these structures are bulky, with 93 mm 
in length. A partly reflecting surface (PRS) is used at the top of the 
antenna in Ref. [38], which offers an alternative method for 
generating CP with a wide bandwidth. However, this design is 
extensive because of the necessary thickness.

Various feeding implementations are presented and compared 
in Refs. [39, 40]. It has been demonstrated that a hybrid ring‐ 
feeding network can produce good performance. However, 
because of the extremely short wavelength, the thick substrate 
height and high dielectric permittivity allow the realisation of 
more complex feeding structures with a small footprint [41, 42].

Placing radiating patches in proximity to power dividers and 
exciting them via electromagnetic coupling, rather than direct 
line feeds, presents notable advantages. Direct excitation often 
leads to resistive and impedance mismatch losses. In contrast, 
coupled feeding improves radiation efficiency [43]. This approach 
also enhances structural compactness, which is crucial for mm‐ 
wave communications, IoT devices and automotive radar sys
tems [44–46]. The power divider network also helps maintain 
good impedance matching by ensuring uniform power distribu
tion and reducing mismatch losses [47, 48]. The power divider 
network can improve impedance matching across an antenna 
array by adjusting coupling to each patch, reducing mismatch 
losses and ensuring uniform power distribution [49, 50].

This paper proposes a high‐gain dual‐CP series‐fed microstrip 
patch array consisting of 16 circular slotted patches. Two 
compact 1‐to‐4 power divider networks are employed on either 
side of the array to generate both LHCP and RHCP modes, 
depending on the selected port. The remainder of the paper is 
organised as follows: Section 2 presents the theoretical back
ground and design of the proposed antenna. Section 3 validates 
the design through simulation and experimental measurement 
of a fabricated prototype. Section 4 compares the results with 
those of related work. Finally, Section 5 summarises the key 
findings and conclusions of this study.

The proposed antenna is designed to maximise gain and mini
mise power loss by reducing the number of branching lines in 
the 1‐to‐4 power divider and utilising optimised slotted circular 
patch elements with high radiation efficiency. Its innovations 
include achieving compactness and simplicity while providing 
dual circular polarisation without relying on two separate 4 × 4 
patch arrays, thereby ensuring high‐gain radiation performance. 
Moreover, it effectively bridges the gap between theoretical 
performance and practical implementation, making it a highly 
suitable solution for high‐performance wireless communication 
scenarios, particularly in point‐to‐point links such as satellite 
and microwave backhaul systems.

2 | Antenna Array Design and Discussion

The development of the proposed dual circularly polarised 
(dual‐CP) antenna, as illustrated in Figure 1, progresses from a 
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single radiating element to a complete array structure. The 
design consists of two key components: the power divider and 
the radiating patch array.

• Figure 1a shows a single slotted circular patch with a 
coplanar microstrip feed, serving as the fundamental radi
ating unit.

• Figure 1b presents a linear row of four circular patch ele
ments, each excited via proximity coupling by a dedicated 
microstrip feed line element, which is critical for main
taining constructive interference in the main beam 
direction.

• Figure 1c displays the full 4 × 4 array configuration, 
incorporating two compact power divider networks on 
opposite sides. These enable dual‐CP operation by selec
tively exciting the appropriate input port.

This step‐by‐step progression visually demonstrates the struc
tural evolution and integration of the feed network with the 
radiating elements, highlighting how input power is distributed 
across the array to achieve efficient CP.

The substrate layer used in the antenna is Rogers RT/ 
Duroid5880, with a dielectric constant of er = 2.2, a loss tangent 
of tanδ = 0.0009 and the substrate thickness (H) is 31 mil. 
Additionally, the proposed antenna's overall dimension is 
125 × 90 mm2. All simulation results shown in the following 
were performed with Ansys HFSS.

2.1 | Power Divider

The proposed antenna incorporates four parallel microstrip 
feeding lines, each designed to excite a linear array of radiating 

elements. To support this configuration, a four‐way microstrip 
power divider was developed, as illustrated in Figure 2. The 
power distribution among the output lines can be adjusted by 
varying the width of the microstrip lines, allowing for flexible 
control of power ratios. The feed network adopts an 
intersection‐style layout at the power‐splitting junctions, which 
provides several design advantages:

• A compact footprint, reducing the overall layout area.

• A symmetrical structure, ensuring uniform amplitude and 
phase distribution across all four outputs.

• Lower transmission loss, due to the elimination of multi‐ 
stage splitters and reduced line lengths.

FIGURE 1 | The progression of the proposed dual‐CP antenna structure: (a) single slotted circular patch element with coplanar microstrip feed, 
(b) single linear row of four circular patches excited via proximity coupling, and (c) complete 4 × 4 antenna array integrated with two compact 
power divider networks to achieve dual CP.

FIGURE 2 | Schematic of the proposed power divider 
(Wf = 2.4 mm, Win = 0.8 mm, Wt = 4.6 mm, L f = 10.8 mm, 
Lt = 6.45 mm, Ld = 22.4 mm, Wout = Wd = 0.8 mm, 
Lin = 4.35 mm, Lout = 10.45 mm, T = 2 mm.). T controls the 
junction overlap/transition length (effective impedance at the 
split), not the nominal physical widths of the branch lines.
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Despite its benefits, the intersection design requires careful 
attention during fabrication:

• High‐precision etching is essential to maintain impedance 
continuity and minimise reflection.

• Corner tapering or rounding should be employed to prevent 
current crowding at junctions.

• Consistent trace width and substrate uniformity must be 
maintained to ensure accurate phase matching and stable 
network behaviour.

These considerations were addressed and optimised through 
full‐wave electromagnetic simulations. The final layout was 
refined to ensure efficient power distribution and stable per
formance across the target frequency band.

The use of tapered structures in the feed lines helps reduce 
power reflection, thereby enhancing transmission efficiency 
[51, 52].

This technique enables a smooth transition between feed lines of 
varying widths and characteristic impedances. To ensure optimal 
performance, the taper dimensions were carefully optimised us
ing full‐wave electromagnetic simulations in Ansys HFSS, mini
mising reflections across the desired bandwidth. Importantly, the 
design employs a single‐stage 1‐to‐4 power divider rather than a 
two‐stage branching configuration (i.e., 1‐to‐2 followed by 2‐to‐4, 
as seen in Refs. [53, 54]. This decision was made to achieve a more 
compact layout, reduce space consumption and minimise trans
mission loss. As a result, we avoided using a multi‐stage power 
divider while still maintaining equal phase and amplitude dis
tribution across the outputs.

Due to the structural symmetry of the proposed power divider, 
the S‐parameters conform to Equation (1)

|S21| = |S51| & |S31| = |S41|

∠S21 = ∠S51 & ∠S31 = ∠S41
(1)

Equation (2) should be maintained in the design of a 1‐to‐4 
power divider.

|S21|
2 ≃ |S31|

2 (2)

Basic design improvement necessitates consideration of the phase 
difference between the ports (|∠S21 − ∠S31| & |∠S51 − ∠S41|)

over the frequency is not exceed 10° [55, 56].

The value of (∑5
i= 2S2

i1) × Pin demonstrates the total received po

wer to the output ports, where Pin is the input power of the power 

divider. As a result, the value of (1 − ∑
5
i= 1S2

i1) × Pin demon

strates the power loss in the power divider. The total value of 
received power to the output ports from 11.5 to 13.5 GHz is shown 
in Figure 3, which demonstrates the proper bandwidth of the 
divider.

As a result, this condition is established only for a specific fre
quency range to maintain the proper phase difference between 

the output ports. As demonstrated in Figure 4a, according to the 
power divider design, the rate of change of |∠S21 − ∠S31| and 
|∠S51 − ∠S41| values are linear with frequency. Hence, the 
beginning and end of the frequency range are equal to 12.19 and 
12.97 GHz, respectively, which is more significant than the 
desired frequency range (12.2–12.7 GHz).

In Figure 4a, the inter‐output phase error |∠S21 − ∠S31| and 
|∠S51 − ∠S41| stays within 10° from 12.19 to 12.97 GHz; Δ f ≈ 

FIGURE 3 | The proposed 1‐to‐4 power divider transmission 
coefficients.

FIGURE 4 | (a) Phase difference of output ports in the proposed 1‐to‐ 
4 power divider, and (b) S‐parameters of the proposed power divider.
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0.78 GHz (≈ 6.3% w.r.t. 12.45 GHz), which specifies the equal‐ 
phase window of the divider, not a hard limit on the antenna's 
CP bandwidth. The usable operating band of the complete an
tenna is defined by the overlap of (i) input matching |SAA|, 
|SBB| < −10 dB, (ii) port isolation |SAB|, |SBA| < −12dB, and (iii) 
AR < 3 dB (see Figure 21). Applying these criteria yields 
12.2–12.7 GHz (≈ 4%). Note that the radiating section itself sup
ports a wider 3‐dB AR bandwidth of 11.9–13.1 GHz, indicating 
that the feed's 10° phase window is not the bottleneck.

Figure 4b demonstrates that the transmission in each line is 
about −6.61 dB; therefore, the insertion loss is 0.61 dB (which 
means it is between the 0.5 dB and 0.7 [57–60]). As a result, this 
power divider helps to reduce the amount of loss in all the 
proposed structures.

The amount loss of the power divider (Ploss) is calculated by the 
following equation:

Ploss = (1 − ∑
5

i=2
|Si1|

2) × Pin (3)

2.2 | Radiating Patch Elements

As illustrated in Figure 5, the proposed antenna consists of four 
parallel feed lines, each connected to a linear array of four cir
cular patch elements. These patch elements support dual‐CP, 
either LHCP or RHCP, depending on whether the beginning or 
end of the corresponding microstrip feed line is excited. To 
enhance CP performance, each circular patch is designed with a 
central slot, which introduces the necessary perturbation for 
improved axial ratio and polarisation purity.

In Figure 5, the proposed patch design employs a vertical slot 
aligned along the y‐axis at the centre of each circular patch. This 
vertical slot differs from a slanted slot (e.g., with a 45° inclina
tion) in several ways:

• It excites orthogonal modes primarily along the Cartesian 
axes, which effectively generates CP with reduced complexity.

• It maintains geometric symmetry, which benefits radiation 
uniformity and improves isolation between LHCP and 
RHCP ports in a dual‐CP system.

• It simplifies fabrication by allowing straightforward align
ment and consistent etching across multiple patch ele
ments. By contrast, a slanted slot may provide broader axial 
ratio bandwidth through stronger hybrid mode excitation 
but requires more delicate tuning and careful layout.

In our design, the vertical slot was optimised via full‐wave 
simulation to provide strong CP and maintain compact and 
symmetric antenna geometry.

The rectangular slot in the circular patch's centre creates a small 
perturbation by altering the symmetry and generating the 
necessary phase difference between the two orthogonal modes. 
The dimensions and orientation of the slot can be optimised to 
control the phase shift.

The circular patch with radius Rp is illustrated in Figure 5, 
whose radiating structure is comprised of a rectangular slot with 
a size of ls × ws precisely in the middle of the circular patch.

It is essential to consider that the coupling of the electrical field on 
the patch elements is directly proportional to the width of the line. 
Therefore, increasing the width of the line increases the electrical 
field on the patches, too. However, for proper coupling, the gap 
size must be lower than half the width of the line [61, 62].

Each patch gradually harvests a portion of the power from the 
guided wave as it moves from an excited port to the other end 
using the coplanar proximity coupling.

The captured energy plays a crucial role in exciting the funda
mental TMz

110 mode in the patch, a critical factor in causing ra
diation with CP. The travelling wave, related to Lenz's law, is 
opposite to the CP's handedness. The condition for each element 
to be in‐phase must be satisfied when broadside radiation is 
required.

It is important to note that when the spacing between elements 
is equal to one λg, the waves generated by each element will be 
in phase in a specific direction.

As a result, there is one guided wavelength (λg) between the 
adjacent elements in the area. The guided wavelength at the 
substrate's central frequency (12.45 GHz) is 17.62 mm. After the 
simulations in Ansys HFSS, the optimised distance between the 
radiation patch elements in the direction of x and y equals 17.8 
and 18.4 mm, respectively.

These findings can be practically applied to calculate the effective 
radius Rp of a circular patch operating in the TMz

110 mode at fre
quency f110 using Equation (4). This calculation can determine 
the best radius value for a slotted circular‐shaped patch.

f110 =
χ × c

2πRp
̅̅̅̅̅̅̅̅̅
μ0e0

√ ̅̅̅̅
er

√ (4)

where χ is the mth zero of the derivative of the Bessel function of 
order n (i.e., Jń(ka), and χ110 = 1.8412 for the TMz

110 or quasi TMz
110 

mode), also, c, f110, μ0, e0, and er are the velocity of light in free 
space, target resonance frequency, free space permeability, free 

FIGURE 5 | Schematic of a single row coplanar microstrip feeding 
line (Lline = 65 mm, Rp = 4.3 mm, ws = 0.5 mm, ls = 2.7 mm, 
g = 0.1 mm).
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space permittivity and the relative permittivity for the substrate of 
the circular patch, respectively.

The slot at the patch centre was introduced to allow for more 
flexibility in improving CP performance. Broadside radiation 
with RHCP could be generated at the nominal frequency of 
12.45 GHz if Port A is the only port stimulated. However, LHCP 
could be generated by the excitation of Port B.

The antenna impedance BW is limited by the two ports of a 
two‐port device having sufficient isolation (transmission co
efficient less than −12 dB) between them. This means that 
the patch elements must catch and radiate almost all of the 
power of the directed travelling waves before they reach the 
other port. Therefore, fewer array elements will be permitted, 
and the coplanar proximity coupling strength between the 
elements and the microstrip feeding line will be stronger.

Establishing a small gap between the line and the circular patch 
improves the proximity coupling, enabling high antenna effi
ciency and acceptable operating BW with few array elements. 
As a result, the energy radiation rate along the line also im
proves. The minimum distance between the line and the cir
cular patch depends on the fabrication precision and the 
materials used for the antenna.

Figure 6 demonstrates the S‐parameter progression of the pro
posed structure. As it demonstrates, in all progression structures 
keep the S11 and S21 under −10 dB in the entire BW.

2.3 | Electric Fields

The current distributions corresponding to each excitation port 
are shown step‐by‐step in Figures 7 and 8. In these figures, 
Figure 7 illustrates the current distribution when Port A is excited 
and Port B is terminated with a matched load, where Figure 7a–e

demonstrate the state of the E‐field distribution of single patch at 
0°, 45°, 90°, 135°, and 180°, respectively. Figure 8 presents the 
reverse case, with Port B excited and Port A matched, where 
Figure 8a–e demonstrate the state of the E‐field distribution of 
single patch at 0°, 45°, 90°, 135° and 180°, respectively.

The rotation of the field in the patch, which is excited by 
coupling with the line, illustrates the rotation of the fields. 
Additionally, the electric field of rotation in Figure 7 is counter‐ 
clockwise and Figure 8 is clockwise.

Figure 9 demonstrates the electromagnetic field distribution 
from port A and port B. It reveals that the electromagnetic field 
distribution over the antenna is more intense at 12.5 GHz.

3 | Parametric Study

This section analyses the influence of key design parameters on the 
antenna's performance. Based on the insights gained from this 
analysis, the antenna structure was optimised to achieve the 
desired characteristics. Special emphasis was placed on compact
ness, as realising a space‐efficient design was one of the primary 
objectives of this work. It is also important to note that during both 
simulation and measurement, the second port was terminated with 
a matched load to ensure accurate performance evaluation.

3.1 | Power Divider Parameters Analysis

In this section, the essential parameters of the power divider to 
understand their impact on the proposed structure are analysed.

The parameter Wt is the width of the essential line of the power 
divider studied from 4.2 to 5. Figures 10 and 11 illustrate the 
variation of simulated reflection and transmission coefficient 
(S11) and (S21) versus frequency for various Wt.

FIGURE 6 | Comparison of the proposed structure with the single patch and single row in terms of (a) return loss, and (b) transmission coefficient.

FIGURE 7 | The E‐field distribution of single patch when port A is excited at (a) 0°, (b) 45°, (c) 90°, (d) 135°, and (e) 180°.
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As illustrated in Figure 10, an increase in Wt generally leads to a 
higher reflection coefficient of the power divider at the input 
port (S11), whereas Figure 11 shows that under the same vari
ation, the transmitted power tends to be reduced. Because these 
trends occur in an approximate rather than a strictly linear 
manner, Wt = 4.6 mm is selected as the optimal value to ensure 
overall structural efficiency.

The parameter Lt, which is the feed of the power divider, is 
analysed in Figures 12 and 13, where both demonstrate the 
trend of the S11 and S21 by variation of the Lt, respectively.

This parameter exhibits interesting sensitivity and can control 
the level of transmitted power, with greater length resulting in 
higher power transmission. However, reducing the size of all 
structures is an important consideration for wireless commu
nication applications. As a result, it is critical to choose the 
appropriate dimension to reduce the dimension and also control 
the reflection and transmission coefficients.

The parameter T has an important role in defining the ratio 
of the power transmitted for the output ways of the power 
divider.

FIGURE 8 | The E‐field distribution of single patch when port B is excited at (a) 0°, (b) 45°, (c) 90°, (d) 135°, and (e) 180°.

FIGURE 9 | The electric field distribution in the proposed antenna at the central frequency 12.45 GHz when (a) port A is excited, (b) port B is 
excited.

FIGURE 10 | The return loss (S11) of the proposed power divider 
in the simulation results, when port A is excited by a load for 
various Wt.

FIGURE 11 | The transmission coefficient (S21) of the proposed 
power divider in the simulation results, when port A is excited by 
a load for various Wt.
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Figures 14 and 15 demonstrate the transmission coefficient of 
the internal and external branch ways by variation of the T. By 
increasing the T, the value of the S21 is raised because the 
external branch width is increased, and more power is trans
mitted by the external branch port on the other side; the value of 
S31 decreases because the width of the internal branch way is 
reduced. As a result, choosing this parameter correctly is vital 
for all efficiency performance structures.

The responses of |S11| and |S21| versus Wt and Lt are frequency‐ 
dependent and non‐linear overall; we refer only to local 
monotonic behaviour near 12.45 GHz to guide the chosen 
values.

3.2 | Gap Between the Patch and Coupling Line g 
Variation Effect

Given the small g dimensions, the effects on the simulation 
results will be analysed. The impact of the gap between the 
coupling line and the circular patch (g) on the proposed antenna 
performance is studied by changing the g from 0.05 to 0.2 mm. 

Figure 16 illustrates the variation of simulated transmission 
coefficient (SAB) versus frequency for various g.

FIGURE 14 | The transmission coefficient of the internal branch way 
(S21) of the proposed power divider in the simulation results, when 
port A is excited load for various T.

FIGURE 15 | The transmission coefficient of the external branch way 
(S31) of the proposed power divider in the simulation results, when 
port A is excited load for various T.

FIGURE 16 | SAB of the proposed structure in the simulation 
results, when port B is excited, and port A is matched for various g.

FIGURE 12 | The return loss (S11) of the proposed power divider 
in the simulation results, when port A is excited by a load for 
various Lt.

FIGURE 13 | The transmission coefficient (S21) of the proposed 
power divider in the simulation results, when port A is excited by 
a load for various Lt.

8 of 16 IET Microwaves, Antennas & Propagation, 2026

 17518733, 2026, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/m

ia2.70078 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [02/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



In addition, the figure shows that decreasing the gap increases 
port isolation over the desired BW. The simulations confirm that 
the optimal gap value is g = 0.1 mm to achieve the desired 
broadband BW and good impedance matching.

As illustrated in Figure 16, the value of BW is increased by 
decreasing the size of g (when g is 0.05 mm, the BW improved). 
However, it is not economically feasible and not conventional 
due to the complexity of the fabrication process.

Similar to Figure 16, the value of the g is also varied to analyse 
the return loss (even though the prototype of the structure is 
symmetrical; in this section, port B is analysed), as depicted in 
Figure 17. By changing the g from 0.1 to 0.2 mm, the value of the 
return loss (SBB) decreases at the central frequency. Moreover, it 
is shown that the optimal value of the g is the same as Figure 16, 
is g = 0.1 mm, for which the suggested antenna achieves the 
desired broadband BW with good impedance matching.

Figure 18 shows how the realised gain changes for various g. A 
small (≈ 1.7 dB) gain undulation is observed within 
12.2–12.7 GHz. This is attributed to the frequency‐dependent 
array factor of the series‐fed branches together with residual 

input mismatch and inter‐port coupling (| SAA | & | SBB | near 
−10 dB; | SAB | & | SBA | ≲ −12 dB), which create shallow 
standing‐wave modulation of the delivered power; in addition, 
the divider's internal/external paths exhibit slight frequency‐ 
dependent transmission, subtly altering the per‐row excitation.

In Figure 18, as the g decreases, the realised gain decreases at 
the beginning of the frequency range. However, the g variation 
has no significant effect on the end of the desired operational 
frequency range. As a result, according to Figures 16–18, the 
appropriate value for g to have high BW and acceptable gain for 
wireless applications is 0.1 mm.

3.3 | Radius of the Circular Patch Rp Variation 
Effect

The parametric investigation in this section examines how the 
variation of the radius of the designed patch affects the realised 
gain on the resonant frequencies.

Figure 19 depicts the variation of realised gain when the Rp is 
changed, and all other dimensions remain constant. The figure 
shows that the parameter Rp has no crucial effect on the pro
posed antenna's value gain. However, the Rp changes the posi
tion of the maximum realised gain peak, which changes the 
resonant frequency. The range of this parameter (Rp) is between 
4.2 and 4.4 mm. Moreover, the value of Rp = 4.3 mm provides an 
acceptable gain in the peak frequency at 12.5 GHz, which is 
19.4 dBic.

4 | Measurement Results and Discussion

As shown in Figure 20a–c, a prototype of the proposed antenna 
has been fabricated and experimentally characterised to validate 
the structure's design.

According to the feeding design, if only one port is excited, the 
slotted circular patch array will generate an LHCP or an RHCP 
wave. Because of the similarity in values and forms, the 

FIGURE 18 | LHCP realised gain of the proposed structure in the 
simulation results, when port B is excited and port A is matched for 
various g.

FIGURE 17 | SBB of the proposed structure in the simulation 
results, when port B is excited and port A is matched for various g.

FIGURE 19 | LHCP realised gain of the proposed structure in the 
simulation results, when port B is excited and port A is matched for 
various Rp.
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measurement results (AR, realised gain and radiation patterns) 
are only for the case where Port B (LHCP‐Port) is excited. In the 
following, the simulation and measurement results will be 
compared.

4.1 | Reflection and Transmission Coefficient

As demonstrated in Figure 21, the antenna's simulated and 
measured reflection and transmission coefficients results 
demonstrate a good consistency. The operational BW of the 
antenna is characterised as the band where the measured 
reflection coefficients (|SAA| and |SBB|) are below −10 dB. The 
transmission coefficients (|SAB| and |SBA|) are below −12 dB.

In Figure 21, the operational BW of the proposed antenna is 
shown in the highlighted area.

4.2 | Axial Ratio

Figure 22 shows the simulated and measured AR values from 
11.9 to 13.1 GHz. In this range, the simulated AR values are less 
than 2 dB. The AR values in the measurement results are less 
than 3 dB. Hence, the BW of the 3‐dB AR is about 1.2 GHz. 
Moreover, the AR values at 12.45 GHz are 1.1 and 1.08 dB in 
measurement and simulation results, respectively.

4.3 | Realised Gain

Figure 23 illustrates the antenna's simulated and measured 
realised gain, and an acceptable agreement between the mea
surement and simulated results at all measured frequencies is 
achieved. For the measurement results, port B is excited and 
port A is matched by a 50 Ω broadband load.

By increasing the number of patches, the antenna array could 
achieve a higher gain; however, the number of sidelobes is 
increased. Without proper tapering, adding elements can in
crease sidelobe‐level (SLL) due to uniform current distribution 
[63, 64].

FIGURE 20 | Prototype of the proposed structure (a) top view, 
(b) bottom view, and (c) inside the anechoic chamber.

FIGURE 21 | Reflection and transmission coefficients of the 
proposed antenna.

FIGURE 23 | Realized gain of the proposed antenna, when port B is 
excited and port A is matched.

FIGURE 22 | AR of the proposed antenna, when port B is excited 
and port A is matched.
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As a result, to have a low‐profile structure with acceptable gain 
while avoiding raising the sidelobe level, as demonstrated in 
Figure 1, four patches in each row are used.

The peak LHCP realised gain achieved in simulation and 
measurement results occurs at 12.7 GHz, equal to 19.4 dBic. In 
the operational frequency range, the RHCP realised gain is less 
than −6 dBic, whereas the LHCP and RHCP realised gains 
difference reported is at least 23 dB.

By employing the combination of high directivity, optimised 
radiating elements, efficient feed network and low losses in the 
antenna design, it is possible to focus the radiated energy in a 
specific direction, improving the antenna's overall gain.

4.4 | Radiation Patterns

In radiation pattern results, Port B (LHCP‐Port) is excited in the 
measurement setup and a 50 Ω load matches Port A (RHCP‐Port) 
to measure the radiation pattern. The measured and simulated 
12.2, 12.45 and 12.7 GHz normalised radiation patterns in the 
antenna's xz‐ and yz‐ planes are shown in Figure 24. Satisfying 
consistency is achieved in the simulation and measurement 
results.

The measurements of LHCP show good agreement with the 
simulations across all three frequencies. However, the large 
RHCP discrepancy (up to ≈17 dB at boresight) between the 
simulated and measured results arises because RHCP is the 
cross‐pol component when Port B (LHCP port) is excited; thus, 
we are comparing a very small quantity whose level is highly 
sensitive to measurement imperfections. In our setup, the main 
contributors are probe purity & dynamic range, pointing/ 
alignment sensitivity and fabrication/substrate tolerances & 
feed termination.

Figure 24 presents the normalised radiation patterns in both the 
xz‐ and yz‐planes at 12.2, 12.45 and 12.7 GHz, comparing 
simulated and measured results.

The radiation pattern results for the xz‐ and yz‐planes at 12.2, 
12.45 and 12.7 GHz are shown in Figure 24a–f, respectively.

The measurements show good agreement with the simulations 
across all three frequencies. Minor differences between the 
simulated and measured patterns are observed, which can be 
attributed to fabrication tolerances and variations in substrate 
parameters. Nonetheless, the overall consistency validates the 
design and confirms the antenna's directional radiation char
acteristics. The proposed 4 × 4 circularly polarised series‐fed 

FIGURE 24 | Simulated and measured radiation patterns at three frequency samples: (a) at 12.2 GHz in xz‐plane, (b) at 12.2 GHz in yz‐plane, 
(c) at 12.45 GHz in xz‐plane, (d) at 12.45 GHz in yz‐plane, (e) at 12.7 GHz in xz‐plane, and (f) at 12.7 GHz in yz‐plane.
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array exhibits a measured side‐lobe level of approximately 
−13 dB to −15 dB, as observed in the radiation patterns shown 
in Figure 24. This level of SLL is acceptable for directional point‐ 
to‐point communication applications. Increasing the number of 
elements per feed branch would enhance the antenna's peak 
gain by expanding the effective aperture, but could also raise the 
SLL if uniform excitation is used. This is because of increased 
constructive interference in side directions. Tapered feeding 
could be employed to mitigate this effect. Conversely, reducing 
the number of series‐fed elements would naturally suppress side 
lobes and simplify the structure, but at the cost of lower peak 
gain and reduced beam directivity. In the proposed design, us
ing four elements per branch was a deliberate choice to balance 
high gain (19.4 dBic), acceptable SLL and compact structure 
without requiring additional tapering.

5 | Discussion and Comparison

Table 1 provides a comparative analysis of the proposed antenna 
and several related works in terms of radiating elements, peak 
gain, polarisation type, total bandwidth (BW), physical size (in 
terms of free‐space wavelength, λ0), thickness, number of layers 
and central frequency.

The proposed antenna demonstrates a dual‐circular polarisation 
(dual‐CP) capability over the operating bandwidth with a high 
peak realised gain of 19.4 dBic, outperforming all other designs 
listed in the table that use a 4 × 4 array configuration. Ac
cording to the axial ratio (AR) criterion, circular polarisation is 
assumed for AR values below 3 dB. An important advantage of 
the proposed antenna is its compact profile, achieved using a 
thinner substrate compared to other designs with similar radi
ating structures. Additionally, it uses only 4 × 4 slotted circular 
patches, yet achieves the highest effective gain per patch, 
approximately 7.4 dBic per element (19.4 dBic total gain divided 
by 4 × 4 effective radiating rows/columns), which indicates 
highly efficient radiation performance. A distinctive feature of 
the proposed structure is the integration of two separate 
compact power dividers, enabling selectable LHCP or RHCP 
operation with high gain and efficient bandwidth utilisation. 

This level of flexibility and performance in a relatively compact 
form factor makes the proposed antenna a strong candidate for 
modern wireless applications, including high‐gain dual‐CP 
systems. The achieved high‐directivity of 19.4 dBic is primarily 
attributed to three key aspects of the design:

• The optimised 4 × 4 series‐fed slotted circular patch array 
increases the effective aperture area.

• The compact single‐stage 1‐to‐4 power divider minimises 
losses and maintains uniform amplitude and phase across 
the elements.

• The use of slot‐loaded circular patches with coplanar 
proximity coupling improves polarisation purity and sup
presses surface waves.

Although not explicitly reported, the antenna shows strong in
dications of high aperture efficiency, as its gain is well‐aligned 
with its physical aperture. Additionally, the close match be
tween simulated and measured realised gain suggests high ra
diation efficiency, thanks to low‐loss materials, minimal feed 
losses and optimised coupling. These combined factors 
contribute to the antenna's ability to deliver high gain while 
maintaining compactness and efficiency.

It is notable to note that the proposed structure has an inter
esting advantage that by employing two distinguished power 
dividers can generate dual‐CP with high gain and appropriate 
bandwidth. Therefore, the proposed antenna is a good candidate 
for wireless applications.

Aperture efficiency provides a more meaningful figure of merit 
than gain alone. It quantifies how effectively an antenna con
verts its physical area into radiated power and is defined by Ref. 
[54] as follows:

ea =
G

4πinAphyλ2 (5)

where G is the maximum gain of the antenna and Aphy is the 
physical aperture (size) of the antenna. At the centre frequency 

TABLE 1 | Comparison between the proposed antenna and related works.

Antenna 
structure

Radiating 
elements

Peak gain 
(dBi/dBic)

Polarisation 
type

Total 
BW(%)

Size 
(λ0 × λ0)

Thickness 
(λ0)

No. of 
layers

Central 
freq. 

(GHz)
Aperture 
eff. ea(%)

[32] 4 × 4 12 LHCP 2.45 3.48 × 3.48 0.035 1 8.15 10.41

[54] 4 × 4 14.6 Dual‐CP 4.18 4.30 × 4.32 0.021 1 11.9 12.35

[65] 4 × 4 17.1 Linear 19.35 2.49 × 2.29 0.161 3 12.0 71.57

[66] 2 × 2 11.04 Linear 1.01 1.41 × 1.41 0.049 2 5.82 50.85

[67] 8 × 18 27.3 Dual‐CP 3.87 5.41 × 24.21 — 1 77.5 3.26

[68] 2 × 2 10.91 Dual‐CP 1.45 1.93 × 1.93 0.051 1 9.65 22.32

[69] 4 × 4 16.65 RHCP 8.53 2.52 × 2.52 0.043 1 8.25 57.94

[70] 1 × 20 10.0 LHCP 4.1 5.07 × 0.29 0.020 1 9.75 54.12

[71] 1 × 4 12.8 Linear 4.1 2.70 × 0.90 0.070 1 27 62.40

[72] 4 × 4 15.8 RHCP 22.2 2.25 × 2.25 0.141 3 13.0 59.76

This work 4 × 4 19.4 Dual‐CP 4.0 5.19 × 3.73 0.033 1 12.45 36.73
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of 12.45, the proposed arrays demonstrate aperture efficiencies 
of 36.73%.

This work, compared to the other works presented in Table 1, 
offers a higher gain and aperture efficiency with dual‐CP. By 
layering the structure and adding a director layer, the antenna 
aperture efficiency is increased [72].

6 | Conclusion

This research presents the development of a novel high‐gain 
low‐profile 4 × 4 microstrip patch array antenna with dual‐CP 
capabilities.

The key innovation lies in the integration of two compact and 
symmetrical 1‐to‐4 microstrip power divider networks, enabling 
the antenna to operate in either left‐hand circular polarisation 
(LHCP) or right‐hand circular polarisation (RHCP) modes by 
selectively exciting the corresponding input port. Unlike many 
conventional dual‐CP antennas that require multilayer or 
complex configurations, the proposed design achieves dual‐CP 
functionality in a single‐layer planar structure—greatly simpli
fying fabrication while maintaining high performance.

The antenna effectively addresses several important challenges, 
including compactness, gain, bandwidth and port isolation. It 
achieves a peak realised gain of 19.4 dBic and operates across a 
500 MHz bandwidth with an axial ratio below 3 dB. These 
performance metrics represent a significant improvement 
compared to other reported 4 × 4 patch array designs. Addi
tionally, the use of proximity‐coupled slotted circular patches 
enhances polarisation purity and radiation efficiency, contrib
uting to consistent performance across the operating band.

From a practical standpoint, the antenna features a simple 
layout, uses a thin substrate and supports low‐cost fabrication, 
making it well‐suited for integration into modern wireless sys
tems. Its combination of high gain, compact form and dual‐CP 
functionality makes it a strong candidate for a wide range of 
applications, including point‐to‐point communication, satellite 
systems, automotive radar and emerging 5G/6G technologies. 
Measurement results are in close agreement with simulations, 
confirming the reliability, efficiency and real‐world applicability 
of the proposed design. Overall, this antenna offers an effective 
and versatile solution for future wireless communication sys
tems requiring robust and flexible polarisation performance.

For future works, by adding a groove gap waveguide feeding 
network behind the proposed patch antenna array structure and 
also introducing a suitable director layer above the structure, 
higher gain and efficiency could be achieved.
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