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Abstract — This paper focuses on designing a new struc-
ture of beamforming networks with an array antenna
to control the beams. The 3x4 array antenna struc-
ture connects to the 3x3 Rotman lens beamformers to
achieve this goal. The middle time delay line is around
14 mm. The design allows the x-axis to cover +25, 0,
—25 degrees. Therefore, this work targets fifth gener-
ation (5G) application, which necessitates coverage in
all directions by other base stations or users. Computer
Simulation Technology (CST) microwave software facil-
itates the simulation process. The design begins with a
single microstrip patch antenna, designed to function as
an array antenna resonating at 26 GHz. The half-lambda
separation (A/2) among antennas gives 13.8 dBi gain
with S11< —10 dB. The final structure for beamforming
networks has a gain of 14 dBi. This work uses the Roger
5880 substrate, which has a dielectric constant of 2.2, a
loss tangent of 0.0009, and a thickness of 0.127 mm.

Index Terms — array antenna, CST studio, mm-wave,
Rotman lens, series feed antenna.

I. INTRODUCTION

The introduction of fifth generation (5G) wireless
communication technology marks a significant advance-
ment in mobile wireless communication systems [l1]].
Positioned as a notable improvement over previous gen-
erations, 5G aims to enhance data transmission rates,
reduce latency, and increase the capacity for intercon-
nected devices. Engineered to support various applica-
tions such as virtual reality, autonomous vehicles, smart
cities, and the Internet of Things (IoT), 5G technology
integrates high-frequency radio waves, advanced antenna
technologies, and network virtualization [2, [3]. An
important challenge faced by array antennas equipped
with beamforming circuits relates to coverage direction,
particularly in addressing blind angles and optimizing
beamforming for wider radiation. In response, series-
feed array antennas offer a flexible solution by allowing
the adjustment of beam patterns through modulation of
signal phase and amplitude, often with the assistance of
a beamformer. Furthermore, integrating a Rotman lens
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(an effective microwave lens capable of directing electro-
magnetic waves) can improve the performance of series-
fed array antennas [4]. The effectiveness of Rotman lens
design relies on careful consideration of factors such as
frequency range, lens geometry, material composition,
and relevant parameters. When combined with a series-
fed array antenna, the Rotman lens is typically positioned
at the array’s focal point to concentrate electromagnetic
waves emitted by array elements, thereby enhancing
antenna system gain and directivity [5]]. Series-fed array
antennas with Rotman lenses find applications in various
fields, including 5G wireless communication, radar sys-
tems, and remote sensing, especially in scenarios requir-
ing precise energy transmission or reception [6 [7]].

This paper delves into the design of series-fed
array antennas integrated with Rotman lenses, specif-
ically resonating at 26 GHz, for application in fifth-
generation wireless communication networks. The pri-
mary objective is to address unseen and blind angles
within the coverage area. Computer Simulation Technol-
ogy (CST) software is employed for simulation and pro-
totype design purposes. The substrate material selected
for this simulation is Rogers 5880, featuring a thickness
of 0.127 mm.

II. PROPOSED ROTMAN LENS DESIGN

Rotman lenses play a pivotal role in microwave
engineering, facilitating precise manipulation of elec-
tromagnetic waves through focusing and beam steer-
ing mechanisms [8]. Researchers extensively utilize a
sophisticated set of equations to ascertain crucial aspects
of the lens, including its geometry, dimensions, material
composition, and thickness [9, [10]. These calculations
are indispensable for attaining the desired performance
parameters necessary for optimal functionality and effi-
ciency in various applications [[11} [12]]. Figure [1] illus-
trates how the link technique demonstrates the connec-
tions between different components in the system, offer-
ing insightful information on the internal mechanisms of
Rotman lens-integrated setups 13} 14].

The design process of the printed Rotman lens began
by establishing the dimensions of the transmission line,
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Fig. 1. (a) Structure of a 33 Rotman lens and (b) reflec-
tion coefficient for the Rotman lens’s input ports.

denoted as Wr (transmission line width) and Lr (trans-
mission line length):

(c*x2%f)

Wr:m, (1)
B (c*2x f)

br= /e —sime )’ @

d=Lxvn—1). 3

Equation (3] determines the position of the feed net-
work by calculating the distance between it and the first
transmission line. This calculation involves considering
the width (Wr) and length (Lr) of the transmission line,
the speed of light (¢), the operating frequency (f), the
relative permittivity of the substrate (€r), and the beam
scanning angle (0):

S:Wr*tan<§>. @

The position of the radiating elements is deter-
mined using equation (@), where S represents the element
spacing, Wr is the width of the transmission line, and 6
denotes the beam scanning angle. This equation plays a
crucial role in establishing the precise placement of the
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radiating elements in the system, ensuring optimal per-
formance and functionality:
x=(n—1)xS*sin(0) . )
The position of the i-th radiating element, denoted
by x, in an array of n transmission lines with an element
spacing of S is crucial in determining the beam scan-
ning angle, represented by 6 as shown in equation (3).
The relationship between these parameters is fundamen-
tal to the design and analysis of antenna arrays for var-
ious applications in wireless communication and radar
systems [[15|16]]. The precise calculation and adjustment
of these values in Table [I] are essential to achieving the
antenna array’s desired radiation pattern and beam steer-
ing capabilities.

Table 1: Dimension of Rotman lens design structure (all
dimensions are in mm)

Dimensions Value (mm)

a 8.67

b 12.78

c 9.30

d 10.94

f 1.63

fl 3.66
2 5.70

III. SERIES FEED ARRAY ANTENNA
DESIGN AT 26 GHz
A. Microstrip patch antenna
A pre-established formula is implemented during
the fabrication process of microstrip antennas. Equations
(6HIO) provide a representation of the antenna’s equa-
tion:

c

Wp = ————F—, (6)
2f0 2 (Er;-l)
C
Leff = S roarerr ™
8reff—£r+l+er_l{1+12h]z, ®
2 2 wp
wp
M:0.412h(8reff+0.3)( £ 40.264) ©)

(ereff—0.258) (%2 +0.8)’

Lp=Leff—2AL. (10)

Initially, equation (6)) is employed to determine the
width of the patch, denoted as Wp, predicated on key
parameters such as the resonant frequency (fr), relative
permittivity (€r), and substrate height (). Subsequently,
equation (B)) is utilized to derive the effective permittiv-
ity, €rsy, crucial for computing the length extension,
ALp, attributed to fringing fields, contingent upon the
condition Wp/h>1 as delineated in equation (9). Finally,



equation (I0) facilitates the calculation of the patch
length, Lp, completing the design process with meticu-
lous precision.

B. Series feed array antenna

To successfully integrate a Rotman lens with a
series-fed array antenna operating at 26 GHz, it is cru-
cial to meticulously assess the antenna’s frequency range
and bandwidth, along with the configuration of the array
consisting of four elements spaced at half a wavelength.
The choice of elements in the array significantly influ-
ences the antenna’s performance metrics such as gain,
directivity, and bandwidth [[17} [18]].

Figure 2] and Table 2] provides insight into the (W, x
L,) series feed structure and its corresponding equivalent
circuit with 3.89 mm separation distance which is A/2.
It’s printed over Roger 5880 substrate with 2.2 dielectric
constant and 0.127 mm substrate thickness to radiate at
26 GHz.

Lp

s —
] wp
(@)
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+—
Input | I
Z1 l zZ2 ‘ | Z3 |
—_—
Zin 1 Zin 2 Zin 3
(b)

Fig. 2. Microstrip series feed patch antenna (a) 1x4
series feed antenna and (b) equivalent circuit of series
feed antenna.

Employing a series feed array configuration yielded
a substantial gain enhancement, elevating the gain
from approximately 8.5 dBi to approximately 14 dBi.

Table 2: Microstrip series feed array antennas dimen-
sions (all dimensions in mm)

Dimensions | Value (mm) Explanation
Wp 4.80 Patch Width
Lp 3.65 Patch Length
S 3.89 Elements Spacing
h 0.127 Substrate Hight
er 22 Epsilon
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Additionally, fine-tuning of the bandwidth allocation
facilitated the generation of a single beam transmitting
at 26 GHz, thereby enhancing signal efficiency. These
advancements are visually elucidated in the accompany-
ing schematic in Fig.[3](a,b).

—~Four Elements S11/dB
—Tree Elements S11 /dB
—Two Elements S11 /dB
-70 —One Elment 511/dB

Reflection Cofficient /dB

20 22 24 26 28 30
Frequency GHz

(a)

GaindB

1 2 3 4

Number of Elements
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Fig. 3. (a) Reflection coefficient for single patch to four
series feed antennas and (b) gain of single patch to four
elements series feed antennas.

IV. RESULTS AND DISCUSSIONS

In the design process, the series feed antennas are
fabricated using Roger 5880 material to ensure reso-
nance at 26 GHz. In order to verify the accuracy of the
antenna fabrication, the reflection coefficient and radia-
tion pattern were measured, as shown in Fig.[d(a, b).

The proposed structure is simulated using CST soft-
ware, and the performance is monitored by the reflection
coefficient (S11), gain, bandwidth, and radiation pattern.
Figure [5] shows the integration of an array antenna with
a Rotman lens over 80 by 31 mm using a 13-14 mm
delay line to achieve a phase difference based on the
True Time Delay (TDD) concept of the Rotman lens
[[19} 120]]. Figure |§| shows the reflection coefficient S11
of the integrated final structure. From the analysis, the
reflection coefficient is less than 15 dB. Synchronization
between the array antennas and the beamforming net-
work is achieved by a 3x3 Rotman lens set by resonating
at the same frequency. The connected Rotman lens was
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Fig. 4. (a) Fabricated series feed array antennas with
reflection coefficient and (b) radiation pattern compari-
son (phi=0).

prepared to shift the phase at —25, 0, +25 degrees. The
array antennas have connected single-layer 0.127 mm
Rotman beamformers to allow the beam to cover blinded
angles efficiently 22].

The radiation pattern of the proposed final structure
depicted in Fig.[7)is analyzed at 26 GHz with Phi=0 deg.
The beam is observed to have a beam at —25, 0, and +25
degrees, with the gain of ports 1 to 3 around 14.2 dBi.
The beams exhibit an angular width (3 dB) ranging from
20 to 30 degrees.
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Fig. 5. Integrated structure of 3 x3 Rotman lens and 3 x4
array antennas.
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Fig. 6. Reflection coefficient S11 of integrated final
structure of Rotman lens and array antennas.

The results presented in Table [3] exhibit a strong
alignment with prominent references in the field, show-
casing the efficiency of this particular structure in iden-
tifying broad blinded angles that were previously unad-
dressed by alternative designs. Notably, the comparison
highlights the remarkable capability of this configuration
to attain 0 and +25 degrees utilizing merely three
input ports. This significant breakthrough accentuates
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Fig. 7. (Continued.)
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Fig. 7. Radiation pattern of final structure (a) directivity
using Cartesian coordinate and (b) 3D radiation pattern.

the considerable potential for further advancements and
the implementation of optimizations tailored to specific
applications.

Table 3: Performance of final structure in comparison
with other references
Variables

This Ref Ref Ref
Work | (11) | (13) | (16)
Frequency GHz 26 6-18 60 | 10-14
Return Loss dB 20 16 12 25

Gain dB (Max) 14.2 - - 11.37
Beam angle (deg) | 0+25 | 0+28 | 0+25 | 0+16
Subs thickness 0.127 - 0.127 {0.0027

(mm)
No. of input ports 3 8 5 11
V. CONCLUSION

The microstrip series feed patch antenna is oper-
ated at 26 GHz with a separation of half lambda. A
single-series-fed patch antenna is enhanced into a 3x4
array antenna configuration. To widen the coverage
angle and improve sensitivity, 3 x3 Rotman lenses were
designed. A beamforming network circuit was metic-
ulously devised to match the array of antenna ports,
incorporating a delay line with 14 mm separations. This
novel structure aims to eliminate blind angles effectively.
The array antennas demonstrated a gain of 14 dBi and
a reflection coefficient of 20 dB or less, showcasing
their high performance. The precise beam control of the
array, coupled with the Rotman lenses, enables cover-
age of angles from —25 to +25 degrees along the x-
axis. This advancement makes the antennas suitable for
applications in 5G and automotive radar systems. For
future improvements, integrating a programmable con-
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troller chip could further optimize beam characteristics
based on specific application requirements.
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