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This article presents a cost-effective and low-profile planar radiating system specifically designed for
Internet of Things (IoT) applications operating at 5 GHz. The proposed system provides a beam coverage
angle of 35°, utilizing a beamforming (Rotman) lens in combination with a combline array antenna to
achieve efficient directional radiation. The configuration incorporates a beamforming lens with four input
ports and six output ports, enabling the generation of four controllable beams at angles of 0°, 12°, 23°, and
35°. This ensures flexible beam steering for improved coverage in IoT networks. The combline series-fed
antenna array is carefully designed to minimize side lobes while maintaining a compact size, making it
particularly suitable for Wi-Fi and other 5 GHz applications. To enhance directivity, the design employs
the Villeneuve array method, which optimizes beam shaping and energy distribution. Both the beamform-
ing lens and combline prototypes are fabricated separately using an FR4 substrate, ensuring a cost-
effective and practical manufacturing process. The combined beam-steering lens and combline microstrip
array achieve a measured gain of 15 dBi at 5 GHz, demonstrating high efficiency and performance. The
close agreement between simulated and measured results validates the effectiveness of the proposed sys-
tem. With its simplified design, ease of fabrication, and strong performance, this system presents a promis-
ing solution for next-generation IoT applications requiring directional beamforming capabilities.

Keywords: Internet of Things (IoT), Rotman lens, Combline series feed array.

DOT: 10.21272/nep.17(6).06023

1. INTRODUCTION

The Internet of Things (IoT) is a network of con-
nected devices that collect data from the environment,
with the number of connected devices expected to ex-
ceed 29.3 billion by 2030 [1]. In large-scale IoT net-
works, pattern reconfigurable antennas, such as beam-
switching antennas operating in the 5 GHz band, offer
benefits such as optimized energy efficiency and im-
proved interference avoidance, enabling optimal con-
nectivity for low-power wireless devices [2]. Beamform-
ing techniques can be implemented through the control
of mechanical, physical, or optical switches [3]. Howev-
er, mechanical steering presents certain drawbacks.
Electronic steering enables rapid scanning capabilities
when compared to mechanical steering methods [4].

Various methods for electronic beam steering in-
clude the Butler matrix [5], Blass matrix [6], Rotman
lens [7], RF PIN diode switches [8], semiconductor-
based solutions [9], and RF phase shifters [10]. The
Rotman lens offers advantages such as wide-angle
beam scanning, low-loss performance, high-power han-
dling, multi-beam steering, and efficient beamforming.
It provides improved phase accuracy, reduced complex-
ity, and compact dimensions, making it ideal for radar,
wireless communication, and antenna arrays. The
Rotman lens uses time-delay structures with sequen-
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tial phase shifts at antenna ports [11, 12].

In recent years, beam-steering antenna systems have
garnered significant attention due to their potential appli-
cations in various communication systems. This paper
introduces beam steering in 5G IoT antenna systems by
integrating a Rotman lens and a combline array. While
existing literature has explored similar concepts, such as
integrated Rotman lenses with switch networks [13], SIW
technology for 2D end fire radiating dipole arrays [14],
and microstrip combine arrays for millimeter-wave side-
lobe reduction [15], our focus is on addressing the unique
challenges posed by developing beam steering systems
using Rotman lenses for Wi-Fi frequencies [16].

In [17], a 5x 8 beamforming matrix using SIW
technology is developed for mm-wave multibeam an-
tennas, operating effectively in the 27 to 30 GHz range.
In [18], a compact 0°/90° phase shifter is introduced,
using a meander line for phase differentiation and
minimal p-i-n diodes, demonstrating 2D beam steering
at 1.5 GHz. In [19], reconfigurable phase shifting is
presented, achieving beam steering at 28 GHz with a
maximum angle of 22° and a realized gain of 13.2 dBi.
In [20], a novel feedline design for series-fed antenna
arrays is proposed to control sidelobes, resulting in a
binomial array with no E-plane sidelobes and reduced
cross-polarization levels.
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This paper presents a novel approach to electronic
beam steering for IoT-based smart homes at 5 GHz,
integrating a Rotman lens and combline array. Unlike
conventional methods, this design is low-cost, compact,
and high-gain, offering 35° beam coverage and reduced
sidelobes, making it ideal for efficient wireless connec-
tivity in next-generation IoT applications.

2. ANTENNA DESIGN

The overall antenna system consists of two main com-
ponents: a Rotman lens and a combline antenna array.
The Rotman lens is responsible for producing phase acti-
vation based on the selected port, while the combline
array serves as the radiating system. The construction of
the beam-forming lens involves four beam (input) ports
and six array (output) ports, as depicted in Fig. 1 (a) and
Fig. 1 (b). This configuration incorporates four input ports,
labeled P1 to P4, which are located along the arc of the
focal circle. The output terminals, Al to A6, are isotopical-
ly positioned at an angle of 75° (denoted as a) with respect
to the origin. Each focal location generates a progressive
phase difference, enabling the antenna to control the
beam in a predetermined direction at a beam steering
angle, . The focal length ratio, denoted as f, indicates the
ratio between A2 and Al. The length of the transmission
line, which connects the inner and outer array outlines, is
established based on the foundational work by Rotman.
By adjusting the parameters «, , and £, the profiles and
overall design of the Rotman lens can be customized to
operate effectively at 5 GHz, with a diameter of approxi-
mately 130 mm. The specifications of the beamforming
lens are as follows: a1 = 0°, a2 = 32°, @y = 20°, S=1.06, Se =
30 mm, L1 = 34 mm, Lz = 32 mm, A1 = 9 mm, Az = 3 mm,
A3 = 0.3 mm, A4 = 0.3 mm, A5 = 3 mm, and As = 9 mm.
The beamforming lens is constructed using an FR4 sub-
strate with a thickness of 1.6 mm.

Fig. 2 shows the simulated and measured results of
the S-parameters for the beamforming lens, which exhibit
resonant behavior at 5 GHz for port 1. Specifically, the
S11 parameter indicates the return loss, while S21, S31,
and S41 represent the isolation between the ports. The
return losses for all beam ports exceed 10 dB at 5 GHz,
and the port decoupling is also greater than 10 dB at 5
GHz, indicating good performance in terms of signal re-
flection and isolation. Fig. 3 presents the transmission
phase delays between the ports of the Rotman lens when
port P1 is fed. It is important to note that the phase shift-
ers in the Rotman lens can be configured by altering the
lengths of the different ports. The figure illustrates the
simulated phase differences between port 1 and ports 5, 6,
7, 8,9, and 10 at 5 GHz, demonstrating the distinct phase
delays achieved. These phase differences are crucial for
steering the beam to the desired directions.
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Fig. 1 —(a) Rotman lens design parameters and schematic
illustration (b) Rotman lens with input output ports
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Fig. 3 — The Rotman lens transmission phase delays between
the ports when port P1 is fed

3. RESULTS AND DISCUSSION

The described design comprises a beam-forming lens
and an antenna array, as illustrated in Fig. 4. The beam-
forming lens includes four input terminals and six output
terminals, with the latter connected to the combline array.
Both measured and simulated S11 for all ports of the
antenna system were found to be lower than —10 dB at
5 GHz, as shown in Fig. 5. When input port 1 of the beam-
forming lens is excited, the remaining ports are terminat-
ed with impedance-matched loads to prevent undesired
reflections. In this configuration, the output terminals of
the beam-forming lens provide a phase shift of 30° each,
causing the radiating main beam to steer in the direction
of 0°, as shown in Fig. 6. Similarly, when beam ports 2, 3,
and 4 of the Rotman lens are individually excited, the
radiated main lobe directions are 12°, 23°, and 35°, respec-
tively, as shown in Fig. 7.
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Fig. 4 — Photograph of the fabricated Rotman lens and com-
bline array, with the experimental setup
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Fig. 5 — Simulated and measured S-parameters of the com-

bined Rotman lens with combline array
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Fig. 6 — Simulated and measured radiation pattern for com-

bined Rotman lens with combline array at 5 GHz
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Fig. 7 — Simulated and measured radiation pattern for com-
bined Rotman lens with combline array at 5 GHz
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4. CONCLUSION

This work introduced a cost-effective, low-profile,
and electronically beam-steerable antenna system for
IoT applications at 5 GHz. By leveraging the unique
combination of a Rotman lens and a combline array,
the proposed system overcame the limitations of con-
ventional beam steering techniques, such as complex
phase-shifting networks and mechanical actuators. The
fabricated prototype demonstrated a beam coverage of
35° while maintaining a high gain of 13 dBi, making it
well-suited for smart home IoT applications that re-
quired robust and energy-efficient wireless communica-
tion. The integration of this design into IoT networks
enhanced connectivity, reduced interference, and ena-
bled flexible coverage adaptation, paving the way for
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networks.
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Ta cepiero Combline nna sacrocysans y 5G IoT
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V 1iit craTTi MpeJCTaBIeHO EKOHOMIYHO e(peKTUBHY Ta HU3BKONIPOQIIbHY INIAHAPHY BHIPOMIHIOBAILHY
cHcTeMY, CIIeIiaJbHO Po3pobiieHy s sacrocyBaub [uTepHery peueit (IoT), mo mparooTs Ha vacrori 5 [T,
BanpomoHoBaHa cucreMa 3abesnedye KyT OXOIUIEHHs IPOMeHs 35°, BUKOPUCTOBYIOYH JIH3Y (OpPMYyBaHHS
npomvens: (Pormana) y moenHaHHI 3 rpebGiHYACTOI0 AHTEHHOI PEINTKOKR JJIs JOCSATHEHHS e(eKTHBHOrOo
CIPSIMOBAHOTrO BUIIpoMiHIOBaHHS. HoHiryparis Briodae iH3y QOpMyBaHHS IIPOMEHs 3 YOTUPMa BXITHU-
MU [IOPTAMU Ta IIICThMAa BUXIIHUMHU HOPTAMH, II0 J03BOJIse TeHePYBATH YOTUPU KEePOBAHI IPOMEHi i Ky-
tamu 0°, 12°, 23° ta 35°. Ile 3abesmedye THyYKe KepyBAHHS IPOMEHEM JJis MOKPAIIEHOr0 IOKPUTTSI B Me-
peskax loT. I'pebinyacra anTeHHA peNIiTKA 3 IIOCJIIOBHUM SKUBJIEHHSIM PETEJIbHO Po3pobJieHa AJis MiHIMI-
3arii OIYHUX IIeJIIOCTOK, 30epiralndu mpu IIbOMY KOMIIAKTHHN PO3MIp, 0 POOUTH i 0COOJIHBO IIPUIATHOIO
s Wi-Fi ta immux 3acrocyBaub Ha dactori 5 I'T'i. JIyis moxpaliieHHsA CIIPAMOBAHOCTI B KOHCTPYKIIT BUKO-
PHUCTOBY€ETHCA METOJ] PEIITKN BiabHLOBA, AKMHA omTHMi3ye (pOPMYyBaHHS MPOMEHS Ta POSIOILI eHeprii. Ak
IPOTOTUIX JIIH3U (POPMYBAHHS IIPOMEHSs, TaK 1 rpeGiHYACTOI AHTEHU BUTOTOBJISIIOTHCS OKPEMO 3 BHKODWC-
TaHHAM migrgagkn FR4, mo 3abesnedye eKOHOMIYHO e(DeKTUBHUM Ta NPAKTUYHUN BUPOOHHYMHI IIPOLIEC.
KombinoBana siH3a 1JI9 KepyBaHHS IIPOMEHEeM Ta MIKPOCMYYKKOBA PEIITKa KOMOIHOBAHOTO TUILY JOCATAITH
BUMIpPSHOTO mocuyieHHsa 15 nbi ma gacroti 5 I'T't, meMoHCTpy0UM BUCOKY eheKTUBHICTD Ta MPOIYKTUBHICTD.
TicHa BiZmOBIMHICTL MisK pe3yJIbTATAMU MOJEIIBAHHSA TA BUMIPIOBAHD IIATBEPIKYE €(DEKTUBHICTL 3aIIPO-
IIOHOBAHOI CHCTEMU. 3aBJSAKHU CIIPOIIEHIN KOHCTPYKILII, IIPOCTOTI BUTOTOBJIEHHS T4 BUCOKIN IIPOJAYKTHBHOCTI,
1151 CUCTeMaA € IIePCIeKTUBHUM PIIlIeHHSAM JJIsI 3aCTOCYBaHb [HTepHEeTY pedell HACTYIHOIO IOKOJIHHS, 10 I10-

TpeOyTh CIIPSIMOBAHOIO (POPMYBAHHS [IPOMEHS.

Knrouosi ciosa: Iarepuer peueit (IoT), Jlinaa Pormana, Pemnritra mogadi curaaity cepii Combline.
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