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ABSTRACT: High frequency communication systems are critical for 5G networks, particularly in the millimeter-wave bands, where ultra-
wideband (5G-UWB) performance is essential for high data rates and low latency. In this work, we propose, for the first time to the best
of our knowledge, an ultra-wideband 5G MIMO beamforming module covering both the 28 and 60 GHz bands. The proposed design
is based on a low-cost, low-profile Rotman Lens (RL) implemented on an FR4 substrate with a thickness of 1.6 mm and a dielectric
constant of 4.3. The RL features five beam ports and seven array ports, with additional dummy ports introduced to minimize reflections
and enhance adjacent beam port isolation across the full SG-UWB range. Simulation results demonstrate excellent performance, with
isolation and mutual coupling maintained below —25 dB between input beam ports and below —15 dB between array ports across the
entire bandwidth. The VSWR remains below 2 for all ports. Although this work presents a single RL-based beamformer, it is envisioned
as a building block within a larger hybrid MIMO architecture, where multiple lenses can be interconnected to support parallel data
streams and spatial multiplexing. This modular approach enables flexible scaling to full MIMO operation while maintaining low cost
and compactness. The proposed design is a strong candidate for 5G and mmWave applications, including hybrid beamforming systems,
MIMO architectures, radar, and satellite communications. Comparative analysis with recent literature demonstrates its superior bandwidth
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and isolation performance.

1. INTRODUCTION

Due to recent advancements in 5G technologies, millimeter-
wave (mmWave) technology has enabled the emergence
of Internet of Things (IoT) devices, providing extensive
connectivity, minimal latency, and rapid data transmission.
These capabilities are crucial for advanced applications such
as smart cities, self-driving cars, and industrial automation
[1,2]. MmWave approach has attracted significant interest due
to its ability to address the growing demands of 5G commu-
nication systems, providing higher reliability, and support for
large-scale device connectivity [3,4]. The mmWave range also
enables the development of smart and cost-effective wireless
technologies and devices, offering reduced power consumption
and system complexity, which are essential for supporting
modern multimedia applications. These enhanced capabilities
are achieved through the ultra-wide bandwidth with the shift to
higher frequencies. This shift is largely motivated by spectrum
congestion below 6 GHz, where numerous wireless standards
coexist [5,6]. Additionally, frequencies such as sub-6 GHz,
28 GHz, and 38 GHz are increasingly explored for 5G networks
[7,8]. The 3rd Generation Partnership Project (3GPP) has
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designated multiple frequency bands within mmWave range,
particularly the globally harmonized 28 GHz bands (n257,
n258, and n261), which simplify device manufacturing and
attract considerable interest from both academia and industry
[9]. Moreover, the 60 GHz frequency range, known as V-band,
has been widely recommended by the Federal Communica-
tions Commission (FCC) for scientific, medical, and high-rate
communication purposes. Due to its favorable propagation
characteristics and the availability of 7 GHz of unlicensed
spectrum [10], this band is widely explored. This makes it
ideal for establishing secure, short- to mid-range indoor and
outdoor links with frequency reuse capabilities. In this context,
standards such as IEEE 802.11ad and IEEE 802.15.3c have
emerged to support high-data-rate wireless communication at
60 GHz, paving the way for multi-Gbps channels and efficient
RF access technologies [11]. However, harnessing mmWave
frequencies for future wireless networks presents unique
technical challenges. The higher frequencies in this band
suffer from increased free-space path loss and reduced ability
to penetrate physical barriers such as walls and buildings [12].
However, the concentration of the wave in a specific, dynamic
direction known as beamforming technics may solve this
issue. Beamforming is recognized as one of the key enablers
of 5G due to its critical role in ensuring reliable, high-capacity
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communication [7]. Among various beamforming techniques,
analog beamforming stands out for its simplicity and low
cost compared to digital approaches [13]. It enables the
concentration of signal energy toward desired directions while
suppressing interference from others, effectively mitigating
path loss and signal attenuation. This directional control
enhances coverage and system performance, particularly in
challenging environments such as dense urban or remote
rural areas. The importance of beamforming becomes even
more pronounced at millimeter-wave frequencies, where the
trade-off between shorter range and higher data rates demands
precise and efficient signal steering [14].

Several analog RF beamforming networks (BFNs) have been
proposed and are usually separated into two primary groups:
Beamformers based on lenses, such the Rotman lens [15]
and circuit-based beamformers [16]. One of the most widely
adopted circuit-based architectures is Butler Matrix (BM), val-
ued for its simple structure, low cost, and ease of fabrication.
It is commonly employed to feed phased antenna arrays, es-
pecially in mmWave multibeam applications [17,18]. Phase
shifters, crossovers, and hybrid couplers define a standard But-
ler matrix. However, its narrow operational bandwidth mainly
due to the phase shifters limits its effectiveness in wideband
scenarios. Nonetheless, the limited bandwidth of operation due
to the phase shifters limits its effectiveness in wideband scenar-
ios.

On the other hand, the Rotman lens (RL) stands out as a
promising massive passive microwave lens-based BFN, offer-
ing benefits like structural and operational simplicity, low cost,
easy implementation, and a broad scanning angle [19]. Oper-
ating as a passive phase-shifting network inspired by the prin-
ciples of geometrical optics [20], it stands out due to its frame-
work consisting of switchable input and output ports that con-
nect to an antenna array, allowing the formation of discrete
beams in different directions [21]. As a real time delay (RTD)
beamforming network, the Rotman lens operates independently
of frequency, which provides it with wide bandwidth and excel-
lent adaptability to multibeam systems [21,22]. Recent stud-
ies on the Rotman lens have focused on improving electri-
cal characteristics and making modifications for Custom ap-
plications. Main advancements include expanding the scan-
ning angle [3, 4, 23], compacting or reducing lens dimensions
[24,25], reducing phase error [26], and wide bandwidth [27].
A variety of materials and fabrication technologies, such as
printed circuit boards (PCBs), substrate integrated waveguides
(SIWs), ridge gap waveguides (RGWs), substrate-integrated
coaxial lines (SICLs), and low-temperature co-fired ceramic
(LTCC) technology, can be used to implement the Rotman lens
due to its lightweight, cost-effective, and compact structure
[3,11,12,28,29].

For 5G applications, high-frequency bands such as 24 GHz
(n258), 28 GHz (n257 and n261), 37 GHz (n260), 39 GHz
(n260), and upcoming bands like 47 and 60 GHz have re-
cently been explored. These mmWave bands offer significantly
large bandwidths (over 500 MHz) [30]. In this study, the pro-
posed Rotman lens is designed for covering a dual-band fre-
quency of 28 and 60 GHz, making it one of the potential candi-
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dates for fifth-generation wireless networks. This lens covers
the mmWave frequency bands defined by 3GPP for 5G sys-
tems, including bands n257, n258, n259, n260, n261, and n262
[3,5,31]. The Rotman lens is designed following Hansen’s pro-
cedure to optimize its parameters, maximizing gain while min-
imizing phase error. With a broad bandwidth covering from
23 GHz to 65 GHz, the Rotman lens based on an FR-4 substrate
is evaluated using CST Microwave Studio (CST MWS), which
analyzes input ports, return loss, and coupling between beam
and antenna ports. The analog beamforming network with min-
imal loss and low cost has been designed using printed circuit
board technology. This is the structure of the article. The Rot-
man lens’s geometric design is shown in Section 2. It is based
on Hansen’s modified version of Rotman and Turner equations.
The Rotman lens’s final prototype is also shown in this part,
along with a thorough analysis of surface currents and the char-
acterization of S-parameters such as coupling, transmission,
and reflection coefficients. Finally, the conclusion is presented
in the third section.

2. ROTMAN LENS CONFIGURATION DESIGN

RL, introduced by Rotman and Turner in 1963, is a beamform-
ing network widely used to feed linear antenna arrays [32]. Nu-
merous methods have been put forth to enhance Rotman lens’s
performance, either through applying advanced optimization
techniques [33-35] or by altering its geometry, as demonstrated
by the updates from Katagi et al. [36] and Hansen [33]. It was
thought that the inner receiving outlines and the beam were cir-
cular in Rotman’s original design [32]. In order to minimize the
error in path length, Hansen [33] suggested an elliptical beam
contour. Owing to its broadband and wide-angle beamforming
capabilities, Rotman lens is especially relevant for SG multi-
beam antenna systems.

In this study, the design equations and processes suggested in
[33] are used to define geometric specifications of the Rotman
lens. The detailed procedure for establishing the initial geome-
try according to this approach is demonstrated in recent studies
[3,37,38]. Its design concepts are based on geometrical optics
(GO) theory, which enables the precise determination of the
placement of beam ports on the focal arc and antenna ports on
the inner contour [3]. The Rotman lens, inspired by optical con-
cepts, functions as a multi-port microwave circuit. The Rotman
lens geometry is characterized by three focal points, as adjusted
by Hansen and illustrated in Figure 1. They are positioned on
a circular or elliptical focal arc, also known as beam contour,
which ensures that no phase errors occur at the beam ports. The
central focal point Fj lies on the main axis (on-axis focal point)
and corresponds to the on-axis focal length f;, while F} and F5
are symmetrically placed at -« on the focal arc (off-axis focal
points) and correspond to the off-axis focal length f5. The focal
angles « are defined as the angles subtended by these off-axis
foci (F and F5) at the center of the element ports curve in the
case of a symmetrical lens geometry, with f; also representing
the lens width at the center.

The position of the array element (IV), the placement of array
ports along the array axis of a typical radiating element (y3), the
electrical length connecting array ports and elements, and the
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FIGURE 1. Rotman lens structure modified by Hansen.

beamsteering angle (6) correspond to the off-center focal point.
Hansen [33] introduced four essential parameters («, 53, f1,7)
which define the lens configuration and allow for the normal-
ization of all dimensions based on f.

Moreover, known as the focal ratio and indicated by /3, this
focal parameter is calculated by dividing the upper focal length
f2 by the lower focal length f; as:

_ P

=7

(M

Defined as the angle ratio between the excited off-axis foci and
the array, the expansion factor () is given in terms of array
beam angle (#) and lens array angle («) by:

sin(0)
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The array elements at y = y3 are connected to an additional
delay line by the normalized cable electrical length (w) in order
to achieve phase shift. The quadratic equations are as follows

3,33, 34,39]:
a(W>2+b(W) +c=0
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The normalized relative transmission line length w is deter-
mined by the maximum scanning angle () and focal angle («)
parameters. The quadratic equation’s solutions, a, b, and c, are
defined as follows:
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( is an indirect parameter used to adjust the portion of the lens’s
phase and amplitude error curve, expressed by the equation:

Y3y
=

The value of parameter ( varies according to the position ys
of each point on the array relative to the axis toward f7, which
also influences the phase. The number of beam ports is selected
based on the necessary beam directions. In this configuration,
the Rotman lens enables five beam directions, and the number
of antennas is seven. The configuration parameters influence
the structure of the Rotman lens in the millimeter-wave band,
as well as its phase error and gain performance. The phase cen-
ter locations of the ports are determined using carefully defined
geometric parameters and certain optimization factors. In this
section, the effects of the focal angle «, focal ratio 3, and ray-
to-beam angle ratio () are studied. These considerations are
then summarized in a simplified design methodology for de-
veloping an optimal beamforming network (BFN) based on a
Rotman lens. Further details can be found in [33-35]. Ac-
cordingly, Figures 2 and 3 present the study of the influence
of the a and (8 parameters on the geometry of the Rotman lens.
The value of « is used to approximate the equalization of con-
tour curvature and to define the position of the ports. To obtain
nearly equivalent lens shapes and port positions, the effect of 3
on the lens’s shape is observed to be comparable to that of «.
When the value of « is reduced, the beam contour shifts toward
the center, in contrast to the receiving contour. As illustrated
and mentioned in previous studies [33, 37], the receiving con-
tour becomes flatter as a decreases. This can influence the fab-
rication process of the lens, as a growing « value increases the
structure’s dimensions. Although « and S significantly affect
the lens’s apparent shape, it is essential to select them in com-
bination with other parameters to ensure acceptable amplitude
levels and minimize phase deviations. For a given maximum
scan angle, it is possible to adjust the ratio between the focal
angle and array beam angle to meet the design requirements.
In this case, the expansion factor v is considered. In this con-
text, a value of y greater than one is chosen to enable large beam
scanning angles, specifically 30°, as illustrated in Figure 4. It
is observed that as the value of 7y increases, the beam contour
expands while the output contour contracts, and the distance
between the phase center of the output ports decreases.

To design and model the RL structure, we need a Matlab code
to generate the equations presented in [3, 32, 34, 37]. According
to this study, the lens cavity and transmission lines should use
the same permittivity substrate material as [37]. Table 1 details
the optimized parameters and their corresponding values, re-
flecting the specific design characteristics of the proposed Rot-
man lens. By solving the design equations, a MATLAB code
was used to produce the coordinates of beam ports and output
ports, as shown in Figure 5. A crucial component of the design
is taper transition, which modifies flare angles of the ports to en-
sure seamless energy transfer from the input ports via the aper-
ture parallel plate to the receiver ports and radiating elements.
To minimize phase error and facilitate the use of microstrip-line
feed excitation through the antenna, an additional transmission
line of the same length is added at the start of each taper [39].

(M

WWwWw.jpier.org



PIER C

Boughaba, Barkat, and Issa

——aqa =25°
——a=30°
——a=35°

Normalized y position
Normalized y position

-0.5

——B=0.86 ——y=1.0
——B=0.90 ——y =1.09
——B=0.96 ——y=1.15

Normalized y position

03 04 05 06 07 08 09 1 0 02 03
Normalized x position

0.2

FIGURE 2. Effect of the o parameter on the

0.4

FIGURE 3. Effect of the 5 parameter on the

05
Normalized x position

. ! -0.5
0.9 1 0

03 04 05 06 07 08 09 1

Normalized x position

06 07 08 0.2

FIGURE 4. Effect of the y on the RL geometry.

shape of the RL. shape of the RL.
TABLE 1. Design parameters of the Rotman lens.
Design parameters Values Design parameters Values
Design frequency (fo) | 28 GHz Focal ratio () 0.9
Beam ports (IVp) 5 Antenna element spacing (d) | 0.5\
Array ports (Ng) 7 Array steering angle () 30°
Dummy ports (Ng) 8 Focal angle (o) 30°
05 r i } ”‘l‘lilrlrlrll'-'.‘-'lllllll%
04 Y
—&— Array ports
0.3 —%— Beam ports
c 0.2
S
2 01
Q
>
T
X
g -0.1
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05 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ |
0 01 02 03 04 05 06 07 08 09 1

Normalized x position

FIGURE 5. Position of beam ports and array ports.

This work employs a model based on an FR-4 substrate, char-
acterized by a dielectric constant of 4.3, a thickness of 1.6 mm,
a loss tangent of 0.025, and copper cladding layers of 35 um
on both the top and bottom surfaces. The final Rotman lens
structure, illustrated in Figure 6, comprises five beam ports that
enable beam scanning from —30° to 30°. It also includes eight
array ports and eight dummy ports, labeled D; to Dg and shown
in blue in Figure 6. The introduction of dummy ports between
the input and output ports of the Rotman lens significantly re-
duces mutual coupling among the input ports, thereby enhanc-
ing overall performance.
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FIGURE 6. Rotman lens structure in CST.

3. SIMULATION AND DISCUSSION RESULTS

In this section, we use CST MWS, which is based on the Finite
Element Method (FEM), to show our results.

3.1. Reflection Coefficients

The return loss magnitudes as a function of frequency for the
five input beam ports (ports 1 to 5) of the proposed Rotman
lens are shown in Figure 7. Due to the symmetry of the de-
signed Rotman lens, the reflection coefficients of port 5 (S55)
and port 4 (S44) are identical to those of port 2 (Sa2) and port 1
(S11), respectively. These results demonstrate excellent per-
formance (< —12dB) over the entire frequency range from
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FIGURE 7. Reflection coefficients of beam ports 1 to 5.
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FIGURE 8. Reflection coefficients of array ports 6 to 12.

TABLE 2. Comparisons between this work and other similar works in the references.

Ref B.Ports | A.Ports | D.Ports | Freq(GHz) | Isol (dB) | BW (%)
[3] 8 8 2 2440 —28 57.69
[5] 5 8 4 2045 —20-—45 96.15
[9] 10 10 - 16-32 ~15 -
[21] 9 8 6 28-38 - 30.3
[29] 7 5 8 24-30 —20 -
[39] 5 6 8 5561 | —15-—20 | 10.34
[40] 7 8 16 23-32 - 21.4
[41] 4 6 6 812 ~17.2 26.9
[42] 5 6 4 27-29 —20 7.14
[43] 5 10 . 27-29 —20 571
[44] 4 6 7 9-15 ~15 46.67
[45] 7 7 2 18-22 —15 17.5
This work 5 7 8 23-65 —25 100
Voltage Standing Wave Ratio (VSWR) 3.2. VSWR (VOItage standing Wave Rath)
1.3‘ ::::E; Figure 9 shows the VSWR for both the beam ports (ports 1-
sk o VSWRS -5, represented by VSWR1—-VSWRS) and array ports (ports
\ : 6—12, represented by VSWR6—-VSWR12). This parameter re-
17 {vﬁvRs mains below 2 across all ports throughout the frequency band.
16 —VSWR6 Notably, the beam ports maintain a VSWR under 1.7 (dashed
1541 —VSWR7 line), which is considered satisfactory for most engineering ap-
L4 T VSWRS plications.
3 ¥ — VSWRY
—VSWR10
: vewni 3.3. Mutual Coupling Between Ports
1 The coupling between adjacent input ports plays a crucial role
B 35 40 45 S0 55 60 65 in power loss, which is greatly influenced by the distance be-
Frequency / GHz

FIGURE 9. VSWR of the beam ports and array ports.

23 GHz to 65 GHz, achieving an average impedance bandwidth
about 100% (23-—65 GHz). Furthermore, as shown in Figure 8,
the reflection coefficients for the array ports (ports 6 to 12,
represented by Sgg to S1212) remain below —10 dB across the
whole frequency band, confirming suitable impedance match-
ing.
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tween the ports and can result in mutual coupling. Figure 10
reports the isolation among all input ports. As shown in Fig-
ure 10, the isolation performance is outstanding, with values
below —25dB for both neighboring and remote ports, ensur-
ing minimal electromagnetic (EM) loss between input ports.
Coupling effects for the output ports become increasingly sig-
nificant due to the reduced spacing between transmission lines
connecting adjacent network ports compared to those between
beam ports. As illustrated in Figure 11, the coupling observed
at the output network ports is notably higher than that at the
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FIGURE 10. Mutual coupling between input ports.
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FIGURE 12. Transmission coefficients for port 3.

beam ports. This outcome is expected, considering the closer
proximity of transmission lines at the network ports relative to
the beam ports. Nonetheless, the measured coupling levels re-
main below —15dB, which is considered sufficient to ensure
that the lens performance is not adversely affected.

3.4. Transmission Coefficients

The simulated transmission and phase coefficients between
beam and array ports are shown in Figures 12 and 13. For
the transmission coefficients, amplitude uniformity is a key re-
quirement for stable beam steering. When port 3 is excited, the
amplitudes remain below —15dB across the bandwidth, with
values between —16.94 dB and —17.79 dB at 28 GHz, confirm-
ing good energy distribution among the array ports within the
23—65 GHz band. The phase response, obtained when the cen-
tral port is excited, shows that the array ports are nearly in phase
at 28 GHz, consistent with Rotman lens theory. Furthermore,
the phase distribution is linear across the 23-—65 GHz range,
leading to minimal fluctuations and reduced phase errors in the
beamforming outputs.
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FIGURE 13. Phase of S-parameters of port 3.

3.5. Surface Current Distributions

Figures 14(a) to (e) presents the surface current distribution
when each beam port (1—5) of the proposed Rotman lens is ex-
cited separately. From these simulations, the majority of elec-
tric fields, as seen, propagate toward the output ports, and the
evolving surface currents verify the design’s high-performance
operation. Additionally, there is essentially no coupling effect
between the input ports, and some of the scattered waves are
absorbed by the dummy ports. Consequently, the wireless sub-
systems enable beam-scanning operation with high effective-
ness.

Table 2 presents a comparison with current Rotman lens de-
signs according to size, bandwidth, isolation, and port num-
ber. It shows that Rotman lenses offer advantages such as wide
bandwidth, low cost, and low mutual coupling. Moreover, the
lens substrate uses only low-cost FR4, while maintaining ac-
ceptable insertion losses. As shown, most beamforming de-
signs are limited in bandwidth, whereas the proposed Rotman
lens achieves higher bandwidth up to 42 GHz than [3,21, 39—
45] along with an acceptable scanning range of +30°. More
importantly, the mutual coupling level in this work is signif-
icantly lower than those in [10,29,39-45] and comparable to
[3, 5] which meets the requirements of 5G communication sys-
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(d)

(b)

FIGURE 14. Surface currents of the proposed Rotman lens with single-port excitation: (a) port 1, (b) port 2, (c) port 3, (d) port 4, (e) port 5.

tems and demonstrates better performance than most other pub-
lished works.

4. CONCLUSIONS

This work presents a Rotman lens comprising five beam ports
and seven array ports, designed and implemented using low-
cost PCB technology on an FR4 substrate. The proposed de-
sign realizes an ultra-wideband 5G MIMO beamforming mod-
ule covering both the 28 GHz and 60 GHz mmWave bands, with
an impedance bandwidth exceeding 100% (23—65 GHz), effec-
tively spanning six standard 5G bands (n257, n258, n259, n260,
n261, and n262). Performance evaluation using MATLAB and
CST Microwave Studio demonstrated excellent results in terms
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of reflection and transmission coefficients, VSWR, and mutual
coupling across the operating band, indicating good impedance
matching, efficient energy transfer, and low losses. Compara-
tive analysis with previously reported designs confirms the ac-
curacy and reliability of the proposed structure. The proposed
Rotman lens is suitable for a wide range of 5G and mmWave ap-
plications, including automotive radar, remote sensing, hybrid
beamforming, and massive MIMO systems. Future work will
focus on fabricating the proposed structure to experimentally
validate its performance and compare measurement results with
simulations. Furthermore, designing array antennas for multi-
beam configurations will be considered to enhance the system’s
functionality and performance.
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