
International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper
Cite this article: Raj A, Mandal D (2024).
Design and implementation of hybrid fed
array antennae for Sub-6 GHz and 5G
mm-wave communication and wireless
applications. International Journal of
Microwave and Wireless Technologies 1–20.
https://doi.org/10.1017/S1759078723001496

Received: 16 June 2023
Revised: 22 November 2023
Accepted: 29 November 2023

Keywords:
array antenna; fractal antenna; microstrip
patch antenna

Corresponding author: Arun Raj;
Email: arunraj61299@gmail.com

© The Author(s), 2024. Published by
Cambridge University Press in association
with the European Microwave Association

Design and implementation of hybrid fed
array antennae for Sub-6 GHz and 5G
mm-wave communication and
wireless applications

Arun Raj and Durbadal Mandal

Computer Aided Electromagnetic Design Laboratory, ECE Department, National Institute of Technology,
Durgapur, West Bengal, India

Abstract
This paper proposes fractal-inspired array antennae for wideband applications. The proposed
antennae have a resonance frequency range of 20–40 GHz. The modified fractal antennae are
fabricated with a height of 1.6 mm, substrate width, and length of 100, 50, 25, and 18.75 mm2,
and a simulated result shows that the gain is increased to 11.04, 11.9, 8.4, and 6 dBi, and the
designed antennae radiate power with directivity of 11.3, 13.4, 9.29, and 7.17 dBi concerning
proposed designs A, B, C, and D, respectively. The proposed antennae with 5G New Radio
(NR) bands havemore radiation concerning resonate frequencies in the 20–40GHz range with
Φ = 0∘, Φ = 90∘, and θ = 90∘. Moreover, the bandwidths for applications covered in the 5G
NR and sub-6G are 1.92, 0.73, 0.7, 2.4, 1.3, 5.3, and 1.26 GHz, and 3.4, 3.7, 2.67, and 4.65 GHz,
and 2, 3.5, and 1.57 GHz, and 2.5, 1.5, and 1.0 GHz with the maximum return loss of 37 dB,
32.8 dB, 31.2 dB, and 23 dB with corresponding resonate frequencies as 21.5, 27.6, 33, and
27.6 GHz concerning designs A, B, C, and D, respectively. The proposed antennae have been
implemented and validated using Computer Simulation Technology (CST), Vector Network
Analyzer (VNA), spectrum analyzer, and power sensor.

Introduction

The fractal antenna has emerged as a new area of study for advanced electronics and wave
propagation research in recent years [1]. Due to repeating identical patterns, fractal antennae
essentially have multiband properties [2]. The industry transitioned from traditional wideband
antennae to advanced antennae [3]. Antennae are inexpensive and may be used for wideband
applications, and because of their fractal design, they can be used for several bands and various
applications [4–6]. As multiband technology advances, antennae can now accommodate more
applications in various bandwidths throughout a broader spectrum and reject signals that fall
outside their frequency range [6–9]. The industry demands a low-profile and compact-sized
antenna that can be fabricated easily. During the last few years, researchers have been working
toward minimizing the size of antennae that cover a more comprehensive range of applica-
tions [9–11]. Due to fractal shape slots, a microstrip patch antenna has high gain and follows
multiband characteristics, by which an antenna covers various applications.

In order to study the literature survey, Bharti et al. [1] presented “a multiband nested
square-shaped ring fractal antenna design with circular ring elements for wireless applications,”
demonstrating its suitability for multiple frequency bands. Kumar and Pharwaha [3] developed
“a modified Hilbert curve fractal antenna optimized for multiband applications.” Singh and
Singh [2] introduced “an ellipticalmonopole-based superwideband fractal antenna,” expanding
the possibilities for wideband communication.

Karthikeya et al. [4] proposed “a low-cost, high-gain triple-band mmWave Sierpinski
antenna loaded with uniplanar Electromagnetic Band Gap (EBG) for 5G applications.” Singh
and Singh [5] focused on designing and optimizing “a modified Sierpinski fractal antenna,
emphasizing its potential for broadband applications.” Ali et al. [6] contributed “a miniatur-
ized decagonal Sierpinski ultra wide band (UWB) fractal antenna suitable for ultra-wideband
applications” [6].

Choukiker and Behera [7] introduced “a wideband frequency-reconfigurable Koch
snowflake fractal antenna,” enabling adaptability across different frequency ranges. Ullah and
Tahir [12] proposed “a novel snowflake fractal antenna for dual-beam applications in the
28 GHz band,” emphasizing its suitability for modern communication systems.

Bhatia and Sivia [13] explored the design of “fractal antenna arrays for multiband
applications,” highlighting the potential benefits of array configurations in enhancing
antenna performance. Sran and Sivia [14] presented “an artificial neural network (ANN)
and iterated function system (IFS) based wearable hybrid fractal antenna with DGS
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Figure 1. Element antennae a, b, and c for concerning arrays.

for S, C, and X-band applications,” showcasing the role of compu-
tational intelligence in antenna design.

Several review articles have provided comprehensive overviews
of fractal antennae and their applications. Praveena and Ponnapalli
[8] offered “a review of the design aspects of fractal antenna
arrays,” summarizing the key research trends in this field. Rani
[15] provided a comprehensive review of “various fractal antenna
geometries in wireless communication,” while Aravindraj et al.
[16] discussed the “design and analysis of recursive square fractal
antennas for WLAN applications.”

The integration of metamaterials and resonators with fractal
antennae has also been explored. Ahmad and Nornikman [17]
introduced “a fractal microstrip antenna with Minkowski Island
split ring resonators for broadband applications.” Sharma et al. [18]
designed a multiband low-cost fractal antenna based on parasitic
split ring resonators, showcasing fractal geometries and metama-
terial concepts.

Dangkham and Phongcharoenpanich [19] developed “a com-
pact split ring resonator antenna for UHF-RFID passive tags,
addressing the requirements of the Internet of Things (IoT) and
RFID applications.”

Additional innovations include the work of Sivia et al. [20], who
employed “artificial neural networks to design a Sierpinski carpet
fractal antenna,” and the research by Singhal [21], who proposed
“a four-arm windmill-shaped super wideband terahertz MIMO
fractal antenna.”

Recent research by Raj and Mandal [22] introduced “a high-
gain Sierpinski carpet fractal antenna with square-shaped slot cuts
for wireless applications,” highlighting its potential in emerging
communication systems.Moreover, fractal antennae have emerged
as promising candidates for various wireless applications due
to their compact size and wideband characteristics. Researchers
have explored various fractal geometries, design techniques, and

Figure 2. Element antennae a, b, and c with some fractal fragments in the range of
20–40 GHz.

integration with metamaterials and resonators to enhance their
performance and adaptability. These advancements pave the way
for the development of advanced antenna systems to meet the
demands of modern wireless communication technologies.

The radiation pattern is broad when using a single antenna [23],
but the gain is low. However, the gain and other properties are
improved when using a single-element antenna in an array design
[24–26]. Fractal-inspired array antennae exhibit promising adapt-
ability and scalability for future wireless communication technolo-
gies beyond 5G and 6G. Their inherent self-similarity properties
allow for versatile tuning across frequency bands, making modifi-
cations relatively feasible. By adjusting the fractal geometry, these
antennae can efficiently accommodate emerging frequency bands
and evolving communication standards [27, 28, 29, 30, 31, 32].

However, ensuring optimal performance may require sophis-
ticated design and optimization processes, leveraging advanced
computational tools to tailor antenna characteristics to the spe-
cific requirements of each new wireless standard. Moreover, while
fractal-inspired antennae offer adaptability, fine-tuning for upcom-
ing technologies necessitates careful engineering efforts.

However, array antennae A, B, C, and D are formed by taking
elements a, b, and c. Array [A] started out with element antenna
(a), and then scaled down by 50% to design array [B]. Similarly,
arrays [C] and [D] were scaled down by 50% and 75% with respect
to B (c) and C (a, c), respectively. The maximum return loss of 37,
32.8, 31.2, and 23 dB is described as a more radiating antenna for
designs A, B, C, and D.

Table 1. Design parameters for array antennae A, B, C, and D

Dimension

Antenna description [A] [B] [C] [D]

Ground (mm2) 100 × 100 50 × 50 25 × 25 18.75 × 18.75

Height of substrate (h, mm) 1.6 1.6 1.6 1.6

Loss tangent (Tan δ) 0.002 0.002 0.002 0.002

Frequency range (fr, GHz) 20−40 20−40 20−40 20−40

Patch used Hybrid feed Hybrid feed Hybrid feed Hybrid feed

Shape Square Square Square Square

Table 2. Notations and dimension of design parameters for designs a, b, c, A, B, C, and D

Notations Lg Wg Lf Wf Circ. slot Sq. slot Lg1 Wg1 Lg2 Wg2 Lg3 Wg3 Lg4 Wg4

Dimension in mm 10 10 5 2 3.25 4.5 100 100 50 50 25 25 18.175 18.175
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Figure 3. Schematic representation of the proposed antenna’s
efficient equivalent network model.

Table 3. Comparative study with different parameters of design a, b, and c

Figure 1 f 1 (GHz) f 2 (GHz) Bandwidth (GHz) Return loss (dB)

Design a 22.83 40 17.17 34

Design b 20.75 40 19.25 42

Design c 20.6 40 19.4 50

Figure 4. Array antennae A, B, C, and D with some fractal fragments through
scaling down with 43%,43%, and 89%, in range of 20–40 GHz.

Furthermore, the bandwidths allocated to applications within
the 5GNR and sub-6G frequency ranges of 20.88–22.8, 23.3–24.03,

26.7–27.4, 27.6–30, 30.2–31.5, 33.3–38.6, 378.7–39.96 GHz, and
22.5–25.9, 27–30.7, 31.25–33.92, 34.8–39.45 GHz, and 26–28,
32–35.5, 37.7–39.27 GHz, and 26–28.5, 34.3–35.8, 38.26–39.26
GHz, are 1.92, 0.73, 0.7, 2.4, 1.3, 5.3, and 1.26 GHz, and 3.4, 3.7,
2.67, 4.65 GHz, and 2, 3.5, 1.57 GHz, and 2.5, 1.5, 1.0 GHz with
respect to designs A, B, C, and D.

The suggested antennae, designed with multiband capabilities,
cater to diverse applications across 5G NR bands (n257, n258,
n259, n260, and n261) and sub-6G bands, including ground-
based radio navigation. Developed through CST, these antennae
were successfully tested using VNA, spectrum analyzer, and power
sensor.

Antenna design

Microstrip patch antenna design parameters are determined using
specified mathematical formulas [20]. Deriving effective dielec-
tric constant (εreff) involves calculations, as discussed by [20] in
considering the composite material’s electrical properties:

W = 1
2fr

√𝜇𝜀
√ 2

𝜖r + 1 (1)

𝜀
reff

= 𝜖r + 1
2 + 𝜀r − 1

2 (1 + 12 hw)
−1

2
(2)
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Figure 5. Array antennae A, B, C, and D with some fractal fragments through scaling down, in range of 20–40 GHz.

where h is the height of dielectric substrate in mm, w is the width
of patch, and 𝜺r is the dielectric constant.

Once W is found using equation (2), determine the extension
of length as follows:

ΔL = h
(𝜺reff + 0.3) (W

h
+ 0.264)

(𝜺reff − 0.258) (W

h
+ 0.8)

(3)
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The actual length of patch is

L = ( 1
2fr

√
𝜀

× 1
√𝜇𝜀

) − 2ΔL (4)

Effective length, L1 = L + 6 h, effective width W1 = W + 6 h,
and

Band width % =
2 (f 2 − f 1)
f 1 + f 2 * 100 (5)

Table 4. Comparative study with different parameters of array A, B, C, and D

Antenna array Size (mm) f r (GHz) f 1 (GHz) f 2 (GHz)
Bandwidth

(GHz)
Return
loss (dB)

[A] 100*100 21.5 20.88 22.8 1.92 37

23.8 23.3 24.03 0.73 22

27.1 26.7 27.4 0.7 30

29 27.6 30 2.4 29.5

30.4 30.2 31.5 1.3 21

33.66, 37.1 33.3 38.6 5.3 28.6

39.08 38.7 39.96 1.26 23

[B] 50*50 25.35 22.5 25.9 3.4 26

27.6, 29.2, 27 30.7 3.7 32.8

29.25 31.25 33.92 2.67 28.3

32 34.8 39.45 4.65 31.4

35, 37.5, 39.2

[C] 25*25 27.32 26 28 2 21.5

33 32 35.5 3.5 31.2

37.86 37.7 39.27 1.57 12.7

[D] 18.75*18.75 27.6 26 28.5 2.5 23

35.36 34.3 35.8 1.5 21.3

38.86 38.26 39.26 1 20

Figure 6. S11, VSWR, vs frequency graph for proposed
antennae A and B, respectively. VSWR = voltage
standing wave ratio.

Figure 7. S11, VSWR, vs frequency graph for proposed
antennae C and D, respectively. VSWR = voltage
standing wave ratio.
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The feed point position for 50 Ω can be calculated as follows:

Zin = 1/Yin = Rin = 1/2G1 (6)

where Rin(y= y0) is 50Ω and Rin(y= 0) is roughly given as follows:

Zin = 1/Yin = Rin = 1/2G1

G1 =
⎧{
⎨{⎩

1

90
(W

𝜆
)
2

W ≪ 𝜆
1

120
(W

𝜆
) W ≫ 𝜆

(7)

Design and simulation

Simulation and analysis of element antennae

Figure 1 and Table 2 present the utilization of an Fr4 substrate
measuring 1.6 mm in height, 10 mm in length, and 10 mm in
width for antenna a. Subsequently, antennae b and c showcase the
creation of these elements with a patch height of 0.75 mm, incor-
porating square and circular slots. As indicated in Table 2, the line
feed uses a feeding approach with a width of 2 mm and a length
of 5 mm. Demonstrating wide bandwidth and a pronounced wide
band notch, Fig. 2 and Table 3 highlight the maximum return loss
at 34, 42, and 50 dB for antennae a, b, and c, respectively, alongside
a broad band with a reference line of 10 dB. Table 3 details various
parameters for antennae a, b, and c.

Table 5. Comparative study with different parameters of design A, B, C, and D

Type of array
antenna VSWR

Peak
gain (dBi) TRP (W) FBR (dB)

Return
loss (dB)

[A] 1.02, 1.16,
1.06,

1.1, 1.18,
1.16

1.10, 1.07

10.35,9.24,8.81,
9.5, 9.18, 9.4,
11.1, 11.12

0.4,
0.48,0.325,
0.52,0.46,0.4,
0.425, 0.38

19.4,19.3,
14, 27,

24.4, 18.8,
14.3, 14.6

37, 22, 30,
29.5, 21,
28.6, 23

[B] 1.10, 1.048,
1.07, 1.055

11.36, 11.71
11.16, 12.5

0.38, 0.51,
0.49, 0.45

22.8, 23.4
19.19, 12.5

26, 32.8
28.3, 31.4

[C] 1.18, 1.05
1.6

9.7, 8
8.67

0.43, 0.5
0.433

22.7, 17
11.25

21.5, 31.2
12.7

[D] 1.55,1.2
1.23

4.8, 7.2
5

0.27, 0.43
0.302

21, 12.63
13.8

23,21.3
20

FBR = front-to-back ratio; TRP = total radiated power; VSWR = voltage standing wave ratio.

Figure 8. FBR, 3 dB beam-width vs frequency graph
for proposed antennae with A, B, C, and D.
FBR = front-to-back ratio.

Figure 9. Phase vs frequency graph for proposed antennae
concerning A, B, C, and D.
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Efficient equivalent network for antenna impedancematching

The fractal-inspired design in the proposed array antennae sig-
nificantly enhances their wideband performance. Incorporating
fractal slots in each element antenna improves the gain and radia-
tion pattern compared to a single antenna. This design approach,
coupled with a hybrid feed and specific dimensions, results in
wide bandwidth at resonating notches. The proposed antenna’s
equivalent circuit modeling relies on fundamental principles of
electrical engineering and antenna design rooted in the theory of
transmission lines. We achieve efficient power transfer from the

50 Ω source impedance (ZS) to the antenna (ZL) by treating the
antenna as a transmission line. This approach aligns source and
load impedances, reducing signal reflections and losses, a well-
established RF and antenna engineering practice to optimize per-
formance. Moreover, we incorporate T and Pi networks to model
the 5 mm feedline separately. Its ability to account for complex
impedance transformations and transmission line losses justifies
this step. These networks (Fig. 3) accurately depict the feedline’s
impedance characteristics, which is critical formaintaining desired
impedance matching across the entire antenna system.

Figure 10. Group delay vs frequency graph for proposed
antennae concerning A, B, C, and D.

Figure 11. FBR vs frequency graph for proposed antennae A,
B, C, D in range of 20–40 GHz. FBR = front-to-back ratio.

Figure 12. TE mode concerning port of antennae A, B, C,
and D.
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Figure 13. E, plane concerning antenna A.

Figure 14. H plane concerning antenna A.

Figure 15. E plane concerning antenna B.

Simulation and analysis of array antennae with element
antenna a, b, and c

As shown in Fig. 5 and Tables 1 and 2, the dimensions
(width × length) of the ground of the concerning designs, A, B,
C, and D, are 100 × 100 mm2, 50 × 50 mm2, 25 × 25 mm2, and
18.75 × 18.75 mm2, respectively. Here is the first step, an array [A]
is formed with the help of a simple element patch (a) with pre-
sented notations in Table 2 and Fig. 5. Here total 16 number of
elements antenna are formed with hybrid feed with matched 50
ohms’ connector.

A hybrid feed optimizes antenna performance by precisely con-
trolling signal phase and amplitude in each element and enables
superior beamforming, enhancing signal strength and coverage. It
offers design flexibility, integrating elements and signal processing
for tailored system solutions, yielding higher gain and directivity
than traditional feeds. Array antennae A, B, C, and D are formed
by taking elements a, b, and c. Initially, array [A] is designed with
an element antenna (a); before going to the exact scaling fac-
tor, first go through various scaling factors, as mentioned about
43% and 89%, and analyze various parameters, so resonance and
impedance matching are not satisfactory with the correspond-
ing required applications and reflection coefficient plot shown in
Fig. 4, so further scaling is going through the reduction of the size
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Figure 16. H plane concerning antenna B.

by a scaling factor of 50% and the formation of array [B]. For
arrays [C] and [D], scaling down by 50% and 75% concerning B(c)
and C(a, c) achieved a satisfactory result with good impedance
matching concerning multiple resonance.

The antenna array formation involves 16 elements (c), (a, c), and
(b, c) with a 0.75 mm height, configured with hybrid excitation
and matched 50-ohm connectors [B], [C], and [D]. Circular and
square slots, meeting fractal requirements, are incorporated for
miniaturization, ensuring wide and multiband functionality with
resonating frequencies below 6 GHz and in 5G bands.This modifi-
cation reduces the patch area. Figures 4 and 5 display S11 results for
array antennae A, B, C, and D, indicating maximum return losses
of 37, 32.8, 31.2, and 23 dB. The enhanced design of antennae B,
C, and D is emphasized by these greater return losses compared to
design.

Furthermore, Table 4 reveals the bandwidths for appli-
cations which operate within the 5G NR and sub-6G fre-
quency ranges of 20.88–22.8, 23.3–24.03, 26.7–27.4, 27.6–30,
30.2–31.5, 33.3–38.6, 378.7–39.96 in GHz; and 22.5–25.9, 27–30.7,
31.25–33.92, 34.8–39.45 in GHz; and 26–28, 32–35.5, 37.7–39.27
in GHz, and 26–28.5, 34.3–35.8, 38.26–39.26 in GHz are reveals
such as 1.92, 0.73, 0.7, 2.4, 1.3, 5.3, and 1.26 in GHz; and 3.4, 3.7,
2.67, 4.65 in GHz; and 2, 3.5, 1.57 in GHz; and 2.5, 1.5, 1 in GHz
concerning designs A, B, and D.

The proposed antennae, encompassing designs A, B, C, and
D, feature multiband and multi notches at frequencies including
21.5, 23.8, 27.1, 29, 30.4, 33.66, 37.1, 39.08, 25.35, 27.6, 29.2, 29.25,
32, 35, 37.5, 39.2, 27.32, 33, 37.86, 27.6, 35.36, and 38.86 GHz.

Figure 17. E and H planes concerning antenna C.

This configuration extends application coverage to n257, n258,
n259, n260, and n261 5G NR bands and sub-6G bands, including
ground-based radio navigation applications.

Return loss (S11) and voltage standing wave ratio
Figures 6 and 7 and Table 5 represent the voltage standing wave
ratio (VSWR) value as 1.02, 1.16, 1.06, 1.1, 1.18, 1.16, 1.10, and
1.07, and 1.10, 1.048, 1.07, and 1.055, and 1.18, 1.05, and 1.6,
and 1.55, 1.2, and 1.23, which are in the range of 0–2, for con-
cerning antennae A, B, C, and D. As the VSWR values are near
1, it depicts a good impedance matching. Moreover, array-level
matching involves ensuring consistent impedance characteristics
across all elements in the array.This helps maintain a uniform cur-
rent distribution and radiation pattern across the array, minimiz-
ing mismatch losses and maintaining good VSWR performance.
Equations 8 and 9 express the reflection coefficient and return loss,
determined through VSWR values, aiding in the comprehension
of simulated and experimental outcomes.

R (c) = Z (l) − Z (0)
Z (l) + Z (0) (8)

R (c) = VSWR − 1
VSWR + 1

R (L) = −20 * log10 (R (c)) (9)
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Figure 18. E and H planes concerning antenna D.

Figure 19. 3D directivity pattern concerning antenna A.

Figure 20. 3D directivity pattern concerning antenna B.

where R (c) is reflection coefficient, R (L) is return loss, and VSWR
denotes voltage standing wave ratio,

3 dB beam width, front-to-back ratio, total radiated power,
phase delay, group delay, and gain
The 3 dB beam width specification provides valuable informa-
tion about the antenna’s coverage characteristics. A narrower beam
width indicates amore focused and concentratedmain lobe, result-
ing in a longer reach and higher gain in the desired direction. On
the other hand, a wider beam width indicates a broader coverage
area but with potentially reduced gain. When selecting a hybrid
feed array antenna for a specific application, the 3 dB beam width
specification helps determine if the antenna’s coverage area aligns
with the desired requirements. It is essential to consider factors
such as the target distance, desired signal strength, interference
sources, and the need for directional or Omni-directional cover-
age. In Fig. 8, the 3 dB beam-width graph illustrates frequency
variation at a constant Φ of 0∘. The 3 dB beam width at Φ = 0∘

ranges from 5∘ to 45∘ for antennae A, B, C, and D.The angular 3 dB
width spans 5∘–18∘, 10∘–28∘, 25∘–40∘, and 16∘–45∘ for the respec-
tive antennae.The proposed array antennae exhibit an angular 3 dB
width resembling a pencil beam, crucial for the 5G communication
era. Multiple notches in the antennae cater to diverse applications
simultaneously.

Figure 9 displays the phase graph for proposed antennae
A, B, C, and D. Antenna A exhibits a consistently increasing
phase, suggesting a linear response. Antenna B, however, dis-
plays phase fluctuations, possibly due to impedance mismatches.
Antennae C and D exhibit similar phase behavior, suggesting
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Figure 21. 3D directivity pattern concerning antennae C and D.

good performance. Figure 10 shows the group delay graph for
antennae A, B, C, and D. Antenna A demonstrates a nearly con-
stant group delay, implying minimal signal distortion. Antenna
B exhibits erratic variations, indicating potential signal quality
issues. Antennae C andD have relatively stable group delay curves,
indicating good signal integrity.

Figures 8 and 11 andTable 5 illustrate front-to-back ratio (FBR),
total radiated power (TRP), and gain at the resonance frequency of
the suggested antenna, presented in dB, watts, and dBi. The front-
to-back ratios are 19.4, 19.3, 14.27, 24.4, 18.8, 14.3, and 14.6, and
22.8, 23.4, 19.19 and 12.5, and 22.7, 17, and 11.25, and 21, 12.63,
13.8 in dB, and gain 10.35, 9.24, 8.81, 9.5, 9.18, 9.4, 11.1, and 11.12,
and 11.36, 11.71, 11.16, and 11.9, and 7.4, 8 and 8.4, and 4.8, 6,
and 5, in dBi, Concerning designs A, B, C, and D, respectively.
The TRP is obtained as 0.4, 0.48, 0.325, 0.52, 0.46, 0.4, 0.425, and
0.38W concerning array antenna A.The TRP for concerning array
antenna B is obtained as 0.38, 0.51, 0.49, and 0.45W.When scaling
down the size B to C, the TRP is obtained as 0.43, 0.5, and 0.433W
for concerning array antenna C. When scaling down C to D, the
array antenna is minimized as 18.75 × 18.75 mm2, then radiated
power for array antenna D is obtained as 0.27, 0.43, and 0.302 W.
FBR shows better signal strength ranging from 11.25 to 24.4 dB for
concerning designs A, B, C, and D. The return loss values fluctu-
ate as 37.22, 22, 30, 29.5, 21, 28.6, and 23 dB for concerning array
antenna A. For array antenna B, return losses vary as 26, 32.8, 28.3,
and 31.4 dB. Return loss values fluctuate as 21.5, 31.2, 12.7, 23, 21.3,
and 20 dB for concerning array antennae C and D.

Equation (10) designates watts (W) as TRP’s unit. When com-
puting TRP in an anechoic chamber, we essentially calculate
Equivalent isotropic radiated power (EIRP) at various angles, aver-
aging it across the sphere. By utilizing EIRP, we can ascertain TRP
as follows:

TRP =
2𝜋

∫
0

∫
𝜋

0
R(𝜃, 𝜙)sin𝜃d𝜃d𝜙 (10)

TRP = 1
4𝜋

2𝜋

∫
0

∫
𝜋

0
EIRP(𝜃, 𝜙)sin𝜃d𝜃d𝜙 (11)

E–H plane and 3D and 2D patterns for array antennae A, B, C,
and D: directivity analysis in diverse dimensions
The calculation procedure for the waveguide feed port in
microstrip patch antennae undergoes variations due to differ-
ent values of the parameter K, leading to distinct feed ports for
antennae A, B, C, and D. This parameter K is crucial as it deter-
mines the propagation characteristics within the waveguide and
influences the antenna’s performance. In Fig. 12, the discussion
centers on the transverse electric (TE) mode for the feed port of
the proposed array antennae A, B, C, and D. The TE mode is
a critical consideration as it determines the distribution of elec-
tric fields within the waveguide, affecting the antenna’s radiation
properties.

For antenna A, a specific value of K is chosen, resulting in a feed
port design that optimally matches the microstrip patch antenna’s
geometry and impedance requirements. This tailored feed port
ensures efficient energy transfer between the waveguide and the
antenna. Antenna B employs a different K value, leading to a mod-
ified feed port configuration. The K value might be selected to
meet specific design objectives, such as bandwidth enhancement
or radiation pattern control.

Similarly, antennae C and D employ distinct K values, each
resulting in its unique feed port design. These variations in feed
port geometry are strategically chosen to address different perfor-
mance criteria, such as polarization control or side lobe reduction.

Moreover, the variation in the calculation procedure for the
waveguide feed port, driven by different K values, allows for the
customization of feed ports tailored to the specific requirements of
antennae A, B, C, andD.TheTEmode analysis in Fig. 12 elucidates
the importance of these variations in achieving desired antenna
performance characteristics.

The E–H plane is commonly used to describe the orientation of
the radiation pattern. The E plane (electric field plane) is perpen-
dicular to the direction of maximum radiation, where the electric
field vector is primarily oriented. The H plane (magnetic field
plane) is perpendicular to both the direction of maximum radi-
ation and the E plane, and the magnetic field vector is primarily
oriented in this plane Figs 12–23 illustrate TE mode for ports,
E–H plane radiation, 3D directivity, and 2D power field patterns
in relation to design A, B, C, and D for array antennae. Specifically,
Fig. 12 focuses on the TE mode for array A, B, C, and D’s
port.

E andH planes are crucial in antenna design, influencing polar-
ization. Their role is vital for effective implementation, impacting
the overall outcome significantly, and Figs 13–18 represent the E
and H planes concerning resonate frequencies as 21.5, 23.8, 27.1,
29, 30.4, 33.66, 37.1, and 39.08 GHz, and 25.35, 27.6, 29.2, 29.25,
32, 35, 37.5, and 39.2 GHz, and 27.32, 33, and 37.86 GHz, and

https://doi.org/10.1017/S1759078723001496 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078723001496


12 Arun Raj and Durbadal Mandal

Figure 22. 2D radiation pattern concerning antennae A and B.

27.6, 35.36, and 38.86 GHz concerning designs A, B, C, and D,
respectively.

Figures 19–21 represent the 3D directivity pattern and peak
directivity of 11.3, 13.4, 10.1, and 7.17 dBi concerning resonate fre-
quencies as 21.5, 23.8, 27.1, 29, 30.4, 33.66, 37.1, and 39.08 GHz,

and 25.35, 27.6, 29.2, 29.25, 32, 35, 37.5, and 39.2 GHz, and 27.32,
33, and 37.86 GHz, and 27.6, 35.36, and 38.86 GHz concerning
designsA, B, C, andD, respectively. Figures 22 and 23 depict the 2D
power field pattern concerningΦ= 0∘, 90∘ and θ = 90∘ with respect
to resonate frequencies as 21.5, 23.8, 27.1, 29, 30.4, 33.66, 37.1, and
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Figure 23. 2D radiation pattern concerning antennae C and D.

39.08 GHz, and 25.35, 27.6, 29.2, 29.25, 32, 35, 37.5, and 39.2 GHz,
and 27.32, 33, and 37.86 GHz, and 27.6, 35.36, and 38.86 GHz
concerning designs A, B, C, and D, respectively.

The 2D pattern signifies the primary lobe direction as the
beam direction, crucial for 5G and next-gen communication. In
array antenna D, the compact size and sharp notches in the
5G NR band enable effective communication in advanced 5G
bands. Figures 22 and 23 depict 2D patterns with distinct notches,
addressing sub-6G and advanced 5G network applications, ensur-
ing efficient coverage.

Fabrication process

Theantennae are produced on aPrintedCircuit Board (PCB) board
utilizing an Fr4 substrate with a relative permittivity (Epsilon)
value of 4.3 and permeability (mu) of 1. Standard PCB manufac-
turing equipment enables the fabrication process, and the substrate
has a height of 1.6mm. In Fig. 24, various perspectives of the struc-
tures (array antennae A, B, C, and D) on the Fr4 substrate are
depicted, including front, backside, and side diagonal views. The
proposed array antennae offer significant size reduction, enhanced
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Figure 24. Fabrication of proposed antenna: front view, back view, and side view of proposed antennae A, B, C, and D with Fr4 substrate.

Figure 25. Measurement setup for fabricated prototypes of
the proposed antennae with VNA.
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Figure 26. Measurement of power and measurement setup for fabricated prototype of proposed antennae with power sensor.

Figure 27. Measurement of different parameters and measurement setup for fabricated prototype of proposed antennae with spectrum analyzer.

directivity, FBR, gain, and bandwidth. Rigorous testing, utilizing
a vector network analyzer, power sensor, and spectrum analyzer,
confirms the successful design and performance of the proposed
antennae.

Experimental results with VNA, power sensor, and spectrum
analyzer

Antennae are successfully fabricated and tested in the presence
of absorber. Figures 25–27 show the measurement setup and the
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Figure 28. Measured result of proposed prototypes of antennae A, B, C, and D with VNA.

Figure 29. Measured result of proposed prototypes of antennae A, B, C, and D with VNA.

proposed antenna’s measured result with VNA, power sensor,
spectrum analyzer, and radiation in the presence of an absorber.
Figures 25–27 represent the measurement with a fabricated pro-
totype antenna through an absorber, VNA, power sensor, and
spectrum analyzer. Figures 28–31 depict the measurement results

concerning reflection coefficient, phase-group delay, radiation pat-
tern, and fidelity factor [23] overall design with different scaling,
respectively, and compare results with other existing work against
Table 8. Table 6 displays the parameter variations of the pro-
posed antenna, along with the measured results’ return loss and
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Figure 30. Measured result of proposed prototypes of antennae in
presence of absorber.

Figure 31. Antenna (1) system fidelity factor (2) for
proposed prototypes of antennae A, B, C, and D.

bandwidth percentages. However, Table 7 depicts the specified
application coverage for each proposed antenna. The antennae
have bandwidths of 0.4, 0.1, 0.24, 0.35, 0.8, and 0.6, 0.6, 0.15, 1.1,
1, and 4, 1.1, 0.900, and 4, 0.05, 0.05, 0.16, 0.100, 1.2, and 1.6 in
GHz.The proposed antennae have multiband properties, with res-
onance frequencies of 19.414, 23.57, 27.67, 28.44, 31.94, 36.4, 19.87,

27.6, 28.8, 31.7, 38.1, 28.09, 31.7, 38.1, 28.09, 31.58, 19.87, 27.16,
28.7, 31.27, 36.97, and 39.28 in GHz and return losses of 20.489,
10.5(Approx.), 10.4 (Approx.), 15.89, 14.37, 15.36,15.9, 12.5, 20.8,
31.2, 25.9, 25.3, 21, 23.4,10.5, 12.8, 15.6, 12.19, 12.9, and 13.16 in
dB concerning array antennae A, B, C, and D. The fabricated pro-
totypes are compared with a few other published research works in
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Table 6. Comparative study of proposed antenna’s experimental result con-
cerning different parameters

Design

Resonate
frequency

(fr)
Bandwidth
(GHz)

Return
loss (dB)

Bands cover in
5G and sub-6G
region

[A]
(measured)

19.414,
23.57,
27.67,
28.44,
31.94,
36.4

0.4, 0.1,
0.24,
0.35,

0.8, 0.6

20.489,
10.5(Approx.),

10.4
(Approx.),
15.89,

14.37, 15.36

Sub-6G and NR
5G bands

[B]
(measured)

19.87,
27.6,
28.8,

31.7, 38.1

0.6, 0.15,
1.1, 1, 4

15.9,
12.5, 20.8,
31.2, 25.9

Sub-6G and NR
5G bands

[C]
(measured)

28.09,
31.58,
37.33

1.1,
0.900, 4

25.3,
21, 23.4

NR 5G bands

[D]
(measured)

19.87,
27.16,
28.7,
31.27,
36.97,
39.28

0.05,
0.05,
0.16,
0.100,
1.2, 1.6

10.5, 12.8,
15.6, 12.19,
12.9, 13.16

Sub-6G and NR
5G bands

Table 7. Comparative study of proposed antenna’s specific applications con-
cerning resonance frequencies

Design Resonate freq. Applications

[A] 21.5, 23.8,
27.1,

29,30.4,33.66,
37.1,39.08

Ideal for 5G NR bands with high gain and
wide bandwidth,
suitable for point-to-point communication,
backhaul links, and high-density urban
areas.

[B] 25.35,27.6,
29.2,

29.25,32,35,
37.5, 39.2

Suited for mm-wave communication, 5G
NR urban hotspots,
and small cell deployments where high
directivity is critical.

[C] 27.32,
33, 37.86

Compact design suitable for 5G NR cov-
erage in suburban areas, IoT connectivity,
and short-range communication.

[D] 27.6,35.36,
38.86

Ultra-compact for specialized applications,
such as wearable devices, IoT sensors, and
low-power mm-wave communication.

that the fabricated prototype gets good bandwidth and gain with
compact size reduction to cover the expected 6G and 5G band
region. The proposed fabricated antennae cover 5G and expected
6G applications with bandwidths of 0.4, 0.1, 0.24, 0.35, 0.8, and 0.6,
0.6, 0.15, 1.1, 1, and 4, 1.1, 0.900, and 4, 0.05, 0.05, 0.16, 0.100, 1.2,
and 1.6 in GHz.

Conclusion

The suggested array antennae, inspired by fractals, demonstrate
favorable outcomes for covering the sub-6G and advanced 5Gband
spectrum. Simulated findings indicate a gain increase to 11.04,
11.9, 8.4, and 6 in dBi for proposed designs A, B, C, and D, respec-
tively. The antennae exhibit radiated power with directivities of
11.3, 13.4, 9.29, and 7.17 dBi for the corresponding designs, focus-
ing on slots to enhance radiation. In themm-wave range, frequency
fluctuations are more pronounced, and the current distribution
concentrates on fractal slots, boosting antenna radiation. Notably,

Table 8. Comparing the outcomes of the proposed antenna with previous
research findings across various parameters

References Size (mm)
Peak

gain (dBi) Bandwidth

[1] 36 × 32 NR 3.23 GHz

[17] 30 × 38 NR 680 MHz

[19] 38 × 38 NR 5 MHz

[18] 45 × 45 NR 200 MHz

[33] 40 × 46 NR 100 MHz

[34] 40 × 100 3.35 430 MHz

[35] 40 × 231 1.19 740 MHz

[36] 40 × 115 3.7 2.29 GHz

[37] 55 × 30 3 1.47 GHz

[38] 86.5 × 86.5 4.3 160 MHz

[39] 40 × 40 3.6 1.8 GHz

[40] 30 × 33 5.6 2.19 GHz

[41] 25 × 20.5 4 3.31 GHz

[42] 32 × 15 2.73 1.93 GHz

[43] 40 × 40 5.5 4.7 GHz

[44] 40 × 26 5 3.20 GHz

[45] 50 × 30 5 1.67 GHz

[46] 52 × 52 2.3 1.04 GHz

[12] 57.9 × 57.9
53.6 × 52

6.2, 7.1,
7.3, 7.9

200 MHz, 330 MHz,
54 MHz, 80 MHz,

250 MHz

[47] 32 × 12 NR 1.41 GHz

[24] 20 × 17 5 9.69 GHz

Proposed
work (A)

100 × 100 10.35,9.24,8.81,
9.5, 9.18, 9.4,
11.1, 11.12

1.92,0.73,0.7,2.4,1.3
5.3,1.26 (GHz)

Proposed
work (B)

50 × 50 11.36, 11.71,
11.16, 12.5

3.4, 3.7,
2.67,4.65(GHz)

Proposed
work (C)

25 × 25 9.7, 8, 8.67 2, 3.5, 1.57 (GHz)

Proposed
work (D)

18.75 × 18.75 4.8, 7.2, 5 2.5, 1.5, 1 (GHz)

maximum return losses of 37, 32.8, 31.2, and 23 dB characterize
higher radiating capabilities for designs A, B, C, and D.

Moreover, the bandwidths for applications covered in the 5G
NR and sub-6G frequency ranges with the bandwidth of 1.92, 0.73,
0.7, 2.4, 1.3, 5.3, and 1.26 GHz, and 3.4, 3.7, 2.67, 4.65 GHz, and 2,
3.5, 1.57 GHz, and 2.5, 1.5, 1.0 GHz concerning designs A, B, C,
and D. Angular 3dB width, FBR, and TRP of the proposed antenna
depict a noble receiver antenna.The proposed fabricated antennae
cover 5G and sub-6G applicationswith bandwidths of 0.4, 0.1, 0.24,
0.35, and 0.8 GHz, and 0.6, 0.6, 0.15, 1.1, and 1 GHz and 4, 1.1, and
0.900 GHz, and 4, 0.05, 0.05, 0.16, 0.100, 1.2, and 1.6 GHz. The
suggested antennae were developed using CST, and their efficacy
was successfully validated through testing with the VNA, spec-
trum analyzer, and power sensor. Exhibiting enhanced radiation
within the resonate frequencies ranging from 20 to 40 GHz with
Φ = 0∘, Φ = 90∘, and θ = 90∘, these antennae, designed for 5G
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NR bands, display notable performance. In the mm-wave range,
frequency fluctuations are observed, with concentrated current
distribution on fractal slots contributing to increased radiation.
Notably, the proposed design surpasses existing works in size, gain,
and bandwidth and significantly reduces size. Featuring multi-
band capabilities, the antennae cater to various applications across
the n257, n258, n259, n260, and n261 5G NR bands, as well as
sub-6G bands, including ground-based radio navigation applica-
tions. This innovative design promises versatility and outperforms
predecessors in multiple vital aspects.
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