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ABSTRACT This paper introduces an innovative 4 x 4 dual-band Butler matrix (BM) characterized by
compactness and an enhanced frequency ratio (K). The design employs meandered lines and an interdigital
capacitor (IDC) unit-cell-based composite right/left-handed transmission-line (CRLH-TL) metamaterial
(MTM) structure. The BM integrates compact dual-band 3 dB branch-line couplers (BLC), a 0 dB crossover,
and dual-band 3-45° phase shifters on a single Rogers RT5880 substrate having relative permittivity &, of
2.2 and thickness 4 of 0.787 mm. Simulations and measurement results demonstrate reflection and isolation
coefficients exceeding —20 dB at all ports, with obtained insertion loss of —6+3 dB over the 0.7 GHz
and 3.5 GHz frequency bands. The achieved output phase differences of £45°, £135°, £135°, and £45°
at the designed frequencies indicate a maximum average phase tolerance of £4.5° concerning the ideal
values. Importantly, the BM’s overall dimensions are 143 mm x 186 mm, resulting in an impressive 78%
size reduction compared to traditional T-shaped BM designs. The proposed configuration is designed and
simulated using CST Microwave Studio, with the agreement between simulated and measured parameters
highlighting design reliability and effectiveness. Additionally, a performance evaluation comparing the
proposed BM with existing circuits reveals its suitability for sub-6 GHz 5G dual-band antenna array
beamforming networks (BFN) due to its compact size and improved band ratio.

INDEX TERMS Branch-line coupler, butler matrix, composite right/left-handed, crossover, frequency ratio,
metamaterials, sub-6 GHz, 5G.

I. INTRODUCTION
As advancements in wireless communication technologies
progress rapidly, there is a growing need for enhanced

The associate editor coordinating the review of this manuscript and

approving it for publication was Guido Lombardi

capacity and spectrum efficiency. The switched beam antenna
array (SAA) has drawn significant attention over the past
decades for its capability to mitigate multipath fading and
suppress co-channel interference [1]. Various beamforming
networks (BFNs), including the Rotman lens [2], Nolen
matrix [3], Blass Matrix [4], and Butler Matrix (BM) [5],
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have been widely acknowledged. However, the Rotman lens
is primarily employed in radar systems due to its substantial
circuit size. Conversely, the Nolen matrix and Blass matrix,
although efficient, require a larger number of fundamental
elements that result in a complex, bulky structure and
increased losses. Consequently, the BM emerges as a
prominent choice for implementing a BEN due to its low loss
and straightforward design. The typical BM, characterized by
a symmetrical design, incorporates 3 dB branch-line coupler
(BLC), 0 dB crossovers, and 45° phase shifter, having four
input and output ports. When a specific input port is activated,
it generates at the output ports signal with equal amplitude
and a progressive-phase distribution, ensuring consistent
phase differences (PD) (i.e., £45° and £135°) [6]. This
capability enables the generation of four independent beams
in the radiation pattern when a 4 x 4 BM is connected to an
antenna array. Usually, when aiming to produce additional
radiation beams with a single-band switched beam antenna
array (SAA), a common approach is to increase the order
of the BM network. This can be achieved by employing a
higher-order BM, such as 8 x 8, 16 x 16, or beyond. Several
studies have explored the design of high-order BMs [7],
(81, [91.

However, increasing the order of the BM leads to
an increased number of components and intersections of
transmission lines (TLs). As a consequence, this undesirably
increases the overall system’s cost, size, complexity, and
losses. Therefore, there is a need to explore innovative
design concepts to address these challenges. A well-designed
dual-band SAA system can achieve radiation beams at two
specified frequencies without overlapping. By integrating a
4 x 4 dual-band BM feeding network with a four-elements
dual-band linear array antenna, this configuration can provide
an equivalent number of radiation beams as a single-band
antenna array system with eight radiating elements. Typically,
a dual-band SAA system with N elements can produce 2N
radiation beams, leading to a substantial increase in capacity
and size reduction [10].

A key role in the advancement of dual-band multiple beam
arrays [10] and beam-switching systems [11] is played by a
dual-band BM feeding network. The predominant approach
for developing a dual-band BM involves converting each
element of a single-band BM into a dual-band configuration.
For instance, an initial dual-band BM design featured a
dual-band BLC accompanied by two parallel coupled lines
was reported in [12]. Another design in [11] utilized a dual-
band 3 dB BLC having two sections, and a TL served the
dual purpose of a 45° phase shifter. In [13], a IT-shaped
TL was employed to develop a dual-band 3 dB BLC and a
dual-band 45° phase shifter for the dual-band BM design.
The use of a center frequency approach in [15] led to the
development of a dual-band BLC, and a T-shaped TL was
employed as a dual-band phase shifter for the design of a
dual-band BM. In [14], [16], and [17], a 4 x 4 dual-band
BM was introduced, with designs that eliminated the need for
crossings. Furthermore, in [ 18], a dual-band filtering BM was
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developed to operate at 12 GHz and 17 GHz by integrating a
resonator with stub-loading.

The studies above illustrates the operation of dual-
band functions, predominantly achieved size reduction by
removing crossovers. However, the removal of crossings
results in increased circuit complexity for large BM networks
(8x 8, 16x 16), adversely affecting output parameters at lower
frequencies, as indicated in [19]. Additionally, the dual-band
frequency ratio (K) is relatively small. On the other hand,
in [20] and [21], the analysis of BM using metamaterial
(MTM) TL was conducted at various frequencies, examining
size reduction, bandwidth enhancement, dual-band operation,
and the variation of performance parameters to frequency
changes. The application of MTM-TL to the BM network
is relatively simple, and its performance remains unaffected
even when the order is increased to 8 x 8 or beyond. This
is because the MTM-TL properties were introduced without
modifying the traditional BM layout [22].

This paper presents a new 4 x 4 dual-band BM using
the MTM-TL technique. The design incorporates four
dual-band BLCs employing the meandered-line technique
and an interdigital capacitor (IDC) MTM-TL structure.
Unlike traditional BMs with two 0 dB crossovers, our design
features a single O dB dual-band crossover, along with two
dual-band £45° phase shifters. The contributions of our
proposed design can be summarized as follows: 1) It is
the first fully dual-band BM incorporating the MTM-TL
structure reported in the literature; 2) It achieves the widest
frequency band ratio to date; 3) It exhibits low complexity
due to a reduced number of components compared to con-
ventional designs. The designed BM demonstrates excellent
performance in both simulation and measurement results
and can generate eight non-overlapping beams, making it an
ideal candidate for the dual-band BFN in 5G antenna array
systems.

Il. BUTLER MATRIX DESIGN ANALYSIS

Fig. 1, illustrates the proposed 4 x 4 dual-band Butler
matrix (BM), comprising of four 3 dB dual-band branch-line
couplers (BLCs), two £45° dual-band phase shifters, and one
0 dB dual-band crossover. The BM features four input ports
(Port 1—Port 4) and four output ports (Port 5—Port 8). When
any input port is excited, the signal divides into four output
signals with equal amplitude. However, there is a progressive
phase difference (PD) of +45° and £135° between the output
ports, determined by the operating frequency and excitation
port. The symmetry of the proposed BM ensures that the
PD between the output ports remains the same, whether the
excitation is between Port 3 and Port 4 or between Port 1 and
Port 2. However, the signs of the PD are opposite in these
respective cases, and the output PDs at each frequency band
are listed in Table 1.

A. DUAL-BAND BRANCH-LINE COUPLER
In section I, the common method for realizing a dual-band
BM was discussed, which involves converting individual
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TABLE 1. Output phase response and progressive phase differences.

Lower frequency (f1)

Upper frequency (f2)

Port Number P5 PG P7 Ps P5 P6 P7 Pg PD
Port 1 135° 90° 45° 0° —45° —135° —90° —45° 0° +45°
Port 2 45° 180° —45° 90° +135° —45° —180° 45° —90° —135°
Port 3 90° —45° 180° 45° —135° —90° 45° —180° —45° +135°
Port 4 0° 45° 90° 135° +45° 0° —45° —90° —135° —45°
ﬂ —_— l;t:::e — hort S 300 + ——z @Z =35
Dual-band shifter Dual-band Ij: @ 7.0 3
BLC BLC WO s, e
Port2 \ Port 7 S0+ —¥— 7, @Zy =50
(" Dual E
| band 5 150+
| crossover é
Port 3 / \ Pt = 100+
Dual-band +45° Dual-band 504
—_— BLC —_ Phase BLC —
Port 4 shifter Port § 0
50 e T s
FIGURE 1. The circuit layout of the proposed 4 x 4 dual-band BM. P2 3 4 5 6 7 8 9 10
Frequency ratio (K)
(a)
elements of a single-band BM into a dual-band configuration. 200
This conversion process involved the addition of extra stubs, 180
specifically in the form of IT or T sections. The standard 160 1
A4 TL characterized by (Z,, 6,) is replaced with T-shaped 140
. .. . )
sections, each comprising two horizontal TLs of (Z,, 6,;) and .
an open stub of (Zp, 0p) determined at frequency f;. This Ewo_
structure is obtained by equating the ABCD matrix of the .
standard 1/4 TL to the ABCD matrix of the T-shaped sections, =
. . 60
as in the Equations (1)—(3) [23].
40
. Z, sin 6, cos 0, tan 6,
Ar = Dy = cos? 0, —sin® ), — 24— 1 (1) i PN -
Zp 1 2 3 4 5 6 7 8 9 10

2 ¢in2
Z; sing  tan 0

Br =2jZ,cos6,sin0,—j 2)
Zp
2jsin 6, cosf jcos? 0, tan §
CT: -] SIN g b J a b (3)
Zy Zp

The BLC discussed in this research builds upon the design
in [24], so a comprehensive solution of the Equations (1)—(3)
can be referred to for the reader’s understanding. The varia-
tions in characteristic impedances, with K, as well as electri-
cal lengths, with the K, are illustrated in Figs. 2(a) and 2(b),
respectively. The practical impedance range for (Z,, Zp),
spans from (22.5 Q—180 2), with the corresponding K
limited within the ranges of (1.93—2.33) and (3.5—8.7).
However, achieving ratios between 2.34 and 3.49 presents
a challenge due to the high impedance experienced in this
range.

Fig. 3 depicts the initial design stage of the dual-band BLC
(conventional T-shaped), which operates at both 0.7 GHz
and 3.5 GHz, and occupy a considerable amount of space
based on the calculated design parameters. The stubs are
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Frequency ratio (K)

(b)

FIGURE 2. Relationships between (a) Line impedances and frequency
ratio (K) (b) Electrical length and frequency ratio (K).

excessively long, posing challenges for seamless integration
into the design. Consequently, several right-angle bends have
been introduced, and these bends are further chamfered to
reduce the capacitive effects associated with the angles [25].
The T-section dual-band BLC is then reduced to a total
circuit area of (74.2 mm x 66.2 mm), as illustrated in
Fig. 4

Likewise, adjustments were made to the BLC’s series and
shunt TL segments to achieve additional size reduction using
the meandering technique outlined in [26]. This technique
involved integrating four right-angle bends into each arm,
where each bend covered an approximate path length of
7R/2 mm as shown in Fig. 5. Consequently, the combined
path length of all four bends in each arm equated to

VOLUME 12, 2024
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FIGURE 3. The dual-band BLC termed as conventional stub tabbed.

Port 2

Port 1

52.08 mm

06.2 mm
54.37 mm

54.3 mm

1.77 mm

74.2 mm

FIGURE 4. The dual-band BLC with folded stubs.

52.08 mm

FIGURE 5. The schematic illustration depicts the process of meandering
the series arm of the BLC.

27rR mm. Here, R represents the mean radius of the line,
whereas the width of line remained unchanged. The MTM
dual-band BLC was developed using meandered lines, stubs,
and IDC unit cells for both the vertical and horizontal
arms of the BLC. For the IDC unit-cell design, the detailed
theoretical analysis and the optimized dimensions, including
total capacitance C, finger width (f,), length (f;), and gap (s),
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using the Equations (4)-(6) [27], [28].

C = (e + 1) xfl X [(Ny = 3)A1 + A2] (pF) “

h 0.45
A1=44mhmm[055(5—) }x104qmyum) )
w

0.5
A2=992mm4}52<éi) }xlUﬁ@Fﬂmﬂ (6)
w

where Ny is the number of fingers, &, represents the
relative permittivity of the substrate, and constants A; and
Aj correspond to the interior and exterior sections of the IDC
fingers with respect to the substrate height 4 and base width
of the IDC fingers Bw.

Therefore, once the desired number of fingers is decided,
the parameters f,, f;, and s = 2f,,/3 can be determined using
the Equations (7) and (8).

Bw
3 3
e €
L N TN ®

The properties of IDC’s MTM unit-cell are determined
through the Nicolson Ross Weir (NRW) method [29],
a technique employed to derive the ¢ and u values from the
S-parameters. The term “left-handed MTMs (LH-MTMs)”
refers to materials exhibiting negative ¢ and u concurrently
within specific frequency ranges. The NRW method acquires
the ¢ and p by utilizing the following constants:

Vi =821+ 811 9

Vi =81 —-51 (10
1—-v V.

X=—"1" (11)
Vi—-V;

It can be demonstrated that I' can be derived from the
scattering coefficients by selecting the appropriate sign,
ensuring that I" is less than 1, as follows:

Fr=X+vx2-1 (12)
Vi-T
= — 13
Ti1owir (13)
1+T\> o
() =& 14
¢ (1 — F) :, (14)
2
c 1
0 =-— [—ln (—)} = Ur&r (15)
wd z
Subsequently,

e = Jere (16)

2 (17)
c1

& =

Fig. 6 displays the extracted ¢ and p parameters of the
IDC unit-cell for the proposed MTM-based BLC. It illustrates
that both ¢ and p exhibit negative values simultaneously
across the frequency range of 0.2 GHz to 2.6 GHz, aligning
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FIGURE 6. Extracted ¢ and x parameters of proposed MTM based BLC
unit-cell.

TABLE 2. The optimized dimensions of the proposed BLC and IDC
unit-cell.

Section Description Parameter Dimension (mm)
Width of BLC w 50
First division wq 114
Series line
Second division wa 4.36
Third division w3 9.12
Width of BLC L 48
. First division 15 10.7
Shunt line
Second division lo 5.7
Third division I3 9.0
Base width Bw 5.7
Base length Bl 0.3
IDC Finger length f 2.7
Finger width fw 0.3
Inter-finger space K 0.3
Finger end gap g 0.3

with the operational frequency of the device. The unit cell
was designed to provide a miniaturization effect at lower
frequencies, as electromagnetic structures designed for low
frequencies are typically large. This demonstrates that the
unit cell exhibits MTM-TL characteristics within the lower
frequency band.

The proposed BLC operates at dual-band frequencies of
0.7 GHz and 3.5 GHz. To achieve the desired performance
and simultaneously reduce the overall size of the structure,
the dimensions of the lines, stubs, and IDC were opti-
mized and provided in Table 2. Fig. 7(a-b) illustrates the
diagram and photograph of the proposed BLC, showing
port numbers and dimensions, which is 90% less than the
conventional T-shaped dual-band BLC operating in the same
frequency bands. This optimization ensures that the BLC
meets the required performance criteria while maintaining a
significantly reduced size compared to traditional T-shaped
dual-band BLCs.
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50 mm

wu gy

IDC unit-cell

(®)

FIGURE 7. The proposed dual-band BLC (a) displaying the zoom-in IDC
unit-cell (b) The fabricated prototype on rogers RT5880 substrate.

The BLC holds substantial importance in the design
of the BM. Figs. 8(a-c) presents the performance of
the proposed dual-band MTM based BLC in terms of
S-parameter characteristics and phase response among the
output ports. In Fig. 8(a), simulation and measurement results
demonstrates the effective operation of the proposed BLC
at the frequency bands of 0.7 GHz and 3.5 GHz. The
simulated and measured characteristics of return-loss Si;
and isolation-loss S41 at both frequencies in the proposed
design are better than —20 dB. Simultaneously, for achieving
equal power division between Port 2 and Port 3, the BLC
design necessitates insertion loss S71 and coupling loss S31
to be around — 3dB. The simulated and measured results
for S>; and S31, depicted in Fig. 8(b), show approximately
—2.76 dB/—3.06 dB, —3.4 dB/—3.52 dB, at lower frequency,
and —3.05 dB/-3.09 dB —3.9 dB/—2.88 dB at upper
frequency bands, respectively. The average insertion loss
error is 0.26 dB, and for coupling loss, it is 0.4 dB, aligning
closely with the desired value of —3 dB. Therefore, the
proposed BLC attained a coupling factor of approximately
—3+0.5 dB for each frequency band. In Fig. 8(c), it is
shown that the simulated and measured PDs between Port 2
and Port 3 are —89.9°/—89.0° and 88.5°/90.1° at 0.7 GHz
and 3.5 GHz, respectively. As a result, the average phase

VOLUME 12, 2024
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FIGURE 8. The S-parameters characteristics of the proposed BLC (a) Sy;
and S;; (b) S;; and S5 () phase response.

error (PE) is 1.3°, indicating a slight variation from the
desired value of 90°.

B. DUAL-BAND +45° PHASE SHIFTER
The dual-band transmission lines (TLs) were employed
to function as the 45° dual-band phase shifter with a
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Wz e

Via-hole

FIGURE 9. The photograph of the fabricated proposed +45° dual-band
phase shifter.

T-shaped configuration. In this structure, Z, and Z; repre-
sents the characteristic impedances of the horizontal and
vertical lines, respectively. Additionally, 6, and 6, denotes
the corresponding electrical lengths at the frequency fi.
Utilizing the ABCD-matrix of the T-shaped structure and
Equations (1)—(3), it is determined that 6, and 6, can be
substituted with (nwr—6,) and (2mm —6p), where n and m
are integers to maintain A7 while making B opposite,
(Ar and Br are parameters in the ABCD-matrix of the
T-shaped structure). This serves as a crucial aspect for
achieving dual-band operation. In our specific design, the
electrical lengths of the line and stub are denoted as “8,
and 6" and “nw —6, and 2mmw —6;” at f] and f> frequencies,
respectively [30].

After a series of derivations, the ultimate formulas for
0, and 6 are presented as in Equation (18). Through the
application of A7 = Ap and By = Bp (where Ap and
Bp are parameters in the ABCD-matrix of the ideal 45°
phase-shifting line), the values of Z, and Z;, can be derived.
In the proposed design, the parameter values are as follows:
0, = 6p = 60°,Z, = 89.97 @, and Z;, = 46.81 Q.

_ A _
bo=fp <m0 =2

whereas the dual-band 45° phase shifter designed with
the specified parameters effectively operates at the desired
frequencies, its overall size is notably large, measuring
107.2 mm x 72.1 mm. A composite right/left handed (CRLH)
TL utilizing the interdigital capacitor (IDC) unit cell [31]
was integrated into the design to enhance its performance
and minimize its footprint. Additionally, the long open stub
is replaced with a meandered stub shortened using via, and
the miniaturized dimensions were obtained as 38.3 mm x
13.2 mm, which is about 93% less than the conventional
T-shaped design. The fabricated prototype is shown in Fig. 9,
while the specific parameter values for the IDC and the
miniaturized structure are listed in Table 3.

Fig. 10(a), shows the S-parameter magnitude responses of
the proposed dual-band phase shifter. In terms of both the
simulated and measured results, S11 is below —15 dB and S»;
is close to 0 dB, achieving the values of —0.13 dB/—0.05 dB
and —0.23 dB/—0.6 dB across 0.7 GHz and 3.5 GHz
frequency bands, respectively. Whereas in Fig. 10(b), the
simulated and measured phase shifts at the lower band
0.7 GHz are —44.6°/—43.3°, and +45.8°/4+43.6° were

X 2mm Qf  (18)
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TABLE 3. Dimensions of the miniaturized 45° dual-band phase shifter.

145° phase shifter

Parameter. L (mm) W (mm) 13 (mm) lz (mm) 13 (mm) w; (mm)
Values 38.2 13.2 5 2.7 1.95 1.8
IDC unit cell

Parameter. Bw (mm) fl (mm) fw (mm) s (mm) g (mm) -
Values 4.83 4 0.3 0.3 0.3 -

|
=3
Il

—20 -

S-parameters (dB)
&
>
1

—S,,simulated
—-40 + — =—S;;measured

—S,,simulated

— - =S, measured
sy

0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Frequency (GHz)

(a)

200
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100 +
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Frequency (GHz)

(b)

FIGURE 10. Proposed +45° phase shifter (a) S-parameters magnitude
response (b) Phase response.

achieved at the upper-frequency band 3.5 GHz. This indicates
that the maximum measured phase deviation is not more
than 1.7°.

C. DUAL-BAND CROSSOVER

The traditional 0 dB crossover functions as a four-port net-
work, comprising Port 1, Port 2, Port 3, and Port 4. When an
input signal is applied to Port 1, the signal is directed to Port 3,
and activation of Port 2 routes the signal to Port 4. In an ideal
scenario, the perfect crossover would display no insertion
loss at the diagonal ports S31/S24 and maintain high isolation
between neighboring ports S41/523. However, achieving zero
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90 mm

FIGURE 11. The photograph of the fabricated proposed 0 dB dual-band
crossover.

insertion loss in practical applications poses a challenge and
requires an exact design approach to minimize it.

The proposed crossover was achieved by combining two
BLCs from section II-A in cascade, and Fig. 11 shows the
fabricated prototype of the crossover configuration. It is
important to highlight that the dimensions of the IDC and the
stub lines in the crossover were kept consistent with those
used in the BLCs. The middle section width (W, = 3.8 mm)
of the crossover was optimized to obtain resonance within
the specified frequency ranges. The overall dimensions of the
crossover are 90 mm x 48 mm.

Figs. 12(a) and 12(b) illustrates the performance of the
proposed 0 dB dual-band crossover, specifically focusing on
S-parameters and phase differences between the adjacent out-
put ports. At both the 0.7 GHz and 3.5 GHz frequency bands,
the simulated and measured return-loss S;; characteristics
achieved were below —16 dB as shown in Fig. 12(a). In terms
of insertion-loss at diagonal ports, the values obtained for
both $31 and Su4 at 0.7 GHz were —0.29 dB. Similarly, at an
operating frequency of 3.5 GHz, the values were —0.23 dB
for S31 and S»4. Likewise, the phase differences between S31
and S»4 as obtained through simulation and measurement,
illustrated in Fig. 12(b), remains consistently close to the
ideal value of 0°.

D. 4x4 DUAL-BAND BUTLER MATRIX
A dual-band capable miniaturized 4 x 4 Butler Matrix
(BM) was realized by integrating four previously developed
dual-band branch-line couplers (BLCs). This design utilizes
meandered lines and an interdigital capacitor-composite
right/left-handed transmission line (IDC-CRLH TL). The
structure features a 0 dB dual-band crossover and two +45°
dual-band phase shifters, operating at frequencies of 0.7 GHz
and 3.5 GHz. With a total of eight ports, the device includes
four input ports (Port 1, Port 2, Port 3, and Port 4), while the
remaining four ports (Port 5, Port 6, Port 7, and Port 8) serve
as output ports, making the BM a 4 x 4 network.

Figure 13(a) illustrates the prototype of the proposed
4 x 4 dual-band BM, which has been implemented on a
single Rogers RT5880 substrate with a dielectric constant
of 2.2, a loss tangent of 0.0009, and a thickness of
0.787 mm. The selection of the substrate is motivated by
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FIGURE 12. (a) S-parameter response of the simulated and measured
crossover (b) phase response of the simulated and fabricated crossover.

the significant reduction in bandwidth observed at the lower
band of 0.7 GHz, and RT5880 is chosen for its low-loss
properties and enhanced bandwidth capabilities [32]. The
overall dimensions of the structure are 143 mm x 186 mm.
When a signal is applied to any input port of the BM, it evenly
divides among the four output ports, with transmission
coefficients approximately within the range of —6 dB, and
a return loss exceeding —10 dB across the entire bandwidth.
To obtain the measured S-parameter results of the developed
BM, a Rohde & Schwarz (ZVB-20) Vector Network Analyzer
(VNA) was employed. This analyzer is capable of operating
across frequencies ranging from 10 MHz to 20 GHz.
In Fig 13(b), a photograph of the Device Under Test (DUT)
utilizing the VNA is presented. Throughout the measure-
ments, all unused ports were terminated with a 50 2 SMA
terminator.

lll. RESULT DISCUSSION

Figs. 14, and 15 displays both the simulated and measured
S-parameter results of the 4 x 4 Butler Matrix (BM) for
Port 1 and Port 2 excitation. In Fig. 14(a) and 14(b) the
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Phase shifter

Crossover

(b)

FIGURE 13. The fabricated prototype of (a) the proposed 4 x 4 dual-band
BM (b) BM as a device under test.

reflection coefficients of more than —19 dB and —16 dB have
been achieved for 0.7 GHz and 3.5 GHz, with the isolation
coefficients for Port 1 excitation presented in Fig. 14(c). The
transmission coefficients for Port 1 excitation are depicted
in Figs. 15(a) and 15(b), whereas those for Port 2 excitation
are illustrated in Figs. 15(c) and 15(d) for the proposed
BM output ports. In both cases, the transmission coefficients
closely match the theoretical —6 dB value. A minor variation
within the range of £3 dB is observed when the signal is
applied to both Port 1 and Port 2 across the two frequency
bands, as detailed in Table 4. The symmetry of the proposed
structure ensures that the transmission coefficients remain
unchanged when Port 3 and Port 4 are excited. Consequently,
there is no need to present the results of transmission
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FIGURE 14. Reflection coefficients and (a) simulated (b) measured
(c) Isolation coefficients of the proposed BM.

coefficients at the output ports for the excitation of Port 3 and
Port 4.

To ensure that the dual-band 4 x 4 BM adheres to the
specified progressive phase differences as per theoretical
values, the phase difference (PD) between adjacent ports at
the output of the proposed BM are illustrated in Figs. 16

32328

and 17. Fig. 16(a) and 16(b) compare the simulated and
measured results for the dual-band BM when Port 1 is excited
at f1 and f>, respectively. Whereas Fig. 17 presents the phase
difference for Port 2 excitation. As indicated in Table 5,
when Port 1 is activated, the progressive phase difference at
output Ports 5, 6, 7, and 8 is —45° at 0.7 GHz and +45° at
3.5 GHz. On the other hand, activating Port 2 results in phase
differences of +135° and —135° at 0.7 GHz and 3.5 GHz
with phase tolerance of +4.5°, respectively. Complementary
phase responses for input Ports 3 and 4 can be generated at
both frequencies.

IV. COMPARISON STUDY

Table 6 presents a comprehensive comparative analysis,
evaluating various existing structures of Butler Matrix (BM)
designed for dual-band applications within sub-6 GHz
frequency bands. Additionally, a few recent MTM-based
single-band structures [36], [37] with a size reduction of
74%, and 76% are included in the assessment. The results
underline the effectiveness of the proposed design, revealing
significantly lower complexity compared to most existing
BM designs. The proposed BM design is a single-layer
structure, maintaining a conventional BM layout while
adeptly executing dual-band operations up to the 5-band ratio.
The findings highlight not only its operational efficiency but
also its capacity to simplify the implementation of dual-band
functionalities.

Moreover, when extended to higher-order matrices, the
proposed design can demonstrates a remarkable reduction
in complexity compared to the approaches outlined in
Table 6. This reduction is particularly notable, given that
many reported designs achieve size reduction by eliminating
crossovers. Although this size reduction approach has been
adopted by others, it often complicates the circuit and
presents challenges when integrating antennas on the same
layer [20], [33]. In contrast, the proposed BM strikes a bal-
ance by reducing size and complexity without compromising
performance.

It is crucial to emphasize the wider band ratio achieved
by the proposed BM, making it as a standout choice
for sub-6 GHz 5G dual-band applications. In comparison
to the conventional T-shaped design, the proposed BM
demonstrates an impressive 78% reduction in size. This
reduction contributes not only to a more compact overall
system but also signifies a substantial advancement in
resource utilization and spatial efficiency. Consequently, the
proposed design emerges as a promising solution, offering
a compelling combination of simplicity, efficiency, and size
reduction for 5G dual-band switched-beam array antenna
applications.

V. POTENTIAL INTEGRATION WITH A 1 x 4 LINEAR
ANTENNA ARRAY

Fig. 18 illustrates the potential connection of the proposed
BMtoa | x4 linear antenna array. It is important to highlight
that this paper does not incorporate an antenna array;
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FIGURE 15. The transmission coefficients of the proposed BM at f; and f, for (a-b) Port 1 excitation (c-d) Port 2 excitation.
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FIGURE 16. The diagram of the phase difference between the adjacent output ports for Port 1 excitation (a) lower band (b) upper band.

however, the calculated radiation beam angle is provided for
the reader’s understanding. To achieve a compact size, the
entire switched-beam array antenna (SAA) system adopts to
a dual-band operation approach. This requires that both the
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4 x 4 BM and the antenna array are designed to operate in
dual frequency bands. Likewise, the frequency ratio plays a
crucial role in the overall system design. Assuming a BM
structure with output signal PDs (®) of +45° and £135°, the

32329



IEEE Access

A. B. Shallah et al.: Miniaturized MTM-Based Dual-Band 4 x4 BM

180

—Ph(Sg,)-ph(Ss,)sim.
—— ph(S;,)-ph(Se)sim.
— Ph(Sg,)-ph(S;,)sim.

— —ph(S)-ph(Symea.
= = Ph(S7)-ph(Sgy)mea.

135+

Phase difference (°)

90 L } ; }
0.60 0.65 0.70 0.75 0.80
Frequency (GHz)

(a)

—90 %=
\
\
\Y
> L A i 4
3 N { ’
2 AN L s
) N ST <N ¢
E_ISS-- IS = — .Y -
2 i s, X\ SR
E = Ph(S¢)-ph(Ss)s
= ph(S;))-ph(Sg,)sim.
= Ph(Sg))-ph(S;)sim.
= =ph(Sg)-ph(Ss)mea.
= = = Ph(Sg)-ph(Ss)mea.
1 = = -ph(Sg;)-ph(Ss;)mea.
—180 t f + t
3.40 3.45 3.50 3.55 3.60
Frequency (GHz)
(®)

FIGURE 17. The diagram of the phase difference between the adjacent output ports for Port 2 excitation (a) lower band (b) upper band.

TABLE 4. Transmission coefficients of the proposed BM for Port 1 and Port 2 excitation at 0.7 GHz and 3.5 GHz.

Input Port Transmission Coefficient (dB) @ f1= 0.7 GHz Transmission Coefficient (dB) @ f2= 3.5 GHz

Port 1 Ss1 Se1 S71 Ss1 Se1 S71 Ss1 Required value (dB)
Simulated —6.06 —6.87 —7.44 —7.43 —5.52 —8.30 —8.10 —8.90 —-6+3
Measured —6.78 —7.48 —8.82 —6.66 —8.41 —6.81 —7.49 —8.23 —-6+3

Port 2 S52 S62 S72 Ssz 862 S72 Ssz Required value (dB)
Simulated —7.43 —6.28 —5.23 —6.82 —8.54 —8.57 —6.02 —5.90 —6+3
Measured —6.79 —6.62 —6.76 —6.67 —6.91 —7.85 —8.01 —8.11 —6+3

TABLE 5. Output phase difference of the proposed BM for Port 1 and Port 2 excitation at 0.7 GHz and 3.5 GHz.

Input Port Frequency f1= 0.7 GHz Frequency f2= 3.5 GHz
Port 1 (5/6) (6/7) (7/8) (5/6) (6/7) (7/8) Ideal value
Simulated —39.8° —47.2° —41.1° 49.7° 42.6° 38.5° +45°
Measured —46.1° —44.0° —47.0° 48.8° 44.2° 41.8° +45°
Port 2 (5/6) (6/7) (7/8) (5/6) (6/7) (7/8) Ideal value
Simulated 138.8° 131.2° 129.3° —130.2° —133.6° —131.4° +135°
Measured 136.0° 128.9° 137.5° —138.0° —131.1° —129.3° +135°

main beam angle 6 can be determined by applying the array
factor [34], as follows:

1
® = +45°, cosf = (n + §)N (19)
3
® = +135°, cosh = ni§ N (20)
Having n as an integer (0, 1, 2, ...), N is defined as

Ald, where d represents the spacing between elements, and A
is the wavelength at the designed frequency. It is important
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to note that in the proposed design, which involves two
operating frequencies, there will be two distinct values of N
corresponding to these frequencies.

The calculated radiation beam angles of the array antenna
based on the PD between the adjacent ports of the BM at
operating frequencies of 0.7 GHz and 3.5 GHz are presented
in Table 7. These values were determined using the process
outlined in [34] and [35]. As illustrated in Fig. 18, different
radiation beam angles 0 can be produced by different values
of N.
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TABLE 6. A comparative analysis with the state-of-the-art related works
designed to operate at dual-band frequencies.

Ref.,/Year f; /f2(GHz) Band ratio Size reduction (%) Method
[10]/2016 2.4/5.2 2.17 Multi layer
[14]1/2016 1.85/2.7 1.46 — No crossover
[16]/2019 1/2.5 2.5 — No crossover
[171/2020 1/2.85 2.85 — No crossover
[36]/2022 35 N/A 76 MTM-TL
[371/2024 3.5 N/A 74 MTM-TL
This work 0.7/3.5 5 78 MTM-TL
44 dual-band BM
b o i
Dual-band shifter Dual-band |
BLC BLC
Port2
: —
| band
Port3 |
] D“;;]]:_I)(jmd | ;:‘5; ] ]Jn]agl]—-llgnd
Port4 N zhifter

FIGURE 18. The circuit layout of the proposed 4 x 4 dual-band BM
connected to 1 x 4 array antenna. (Note: The dash lines represent the
beams generated at f;, while solid lines are the beams produced at upper
frequency f,).

TABLE 7. Progressive phase differences and calculated beam angles.

Lower frequency (f1) Upper frequency (f2)
Port Number AP° 0° AP° 0°
Port 1 —45 —19 +45 +4
Port 2 +135 +12.8 —135 —11.2
Port 3 —135 —12.8 +135 +11.2
Port 4 +45 +19 —45 —4

Since the proposed SAA system operates in dual-band
frequency bands, there are two unique ratio parameters,
Nj and N, corresponding to the lower frequency f; and
the upper frequency f>, respectively. Therefore, according to
Fig. 18, there should be four different radiation beam angles
corresponding to each of the dual operating frequencies
(fi and f>) for each PD of ® = £45° and & = +135°
because d are the same at these two frequencies. To achieve
the optimal frequency ratio (f2/fi), A1 and X, are defined
as the wavelengths at fi and f>, respectively. Given that
the d = X|/Ni = Ay/N;, the frequency ratio can be
expressed as fo/fi = Ni/N;. It is important to note that,
to minimize the generation of undesirable grating lobes, the
recommended range for N in this case lies between the
ratio 0.52 and 2.6. Beyond this range, multiple main beam
angles may be generated by the Equations (19) and (20).
As a result, the proposed SAA has the capability to produce
eight different radiation beams without any overlap. This
functionality allows it to achieve performance levels similar
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to those of a traditional phased array antenna (PAA) system
employing a single-band 8 x 8 BM network [38].

VI. CONCLUSION

In conclusion, this paper presents a novel 4 x 4 dual-band
Butler matrix (BM) that achieved remarkable compactness
and an enhanced frequency band ratio. The innovative design
incorporates meandered lines and an interdigital capacitor
(IDC) unit cell, creating a composite right/left handed
transmission line (CRLH-TL) structure. The BM integrates
dual-band 3 dB BLCs, a 0 dB crossover, and a dual-band
+45° phase shifter on a single Rogers RT5880 substrate.
Simulations and measurements validated its exceptional per-
formance, with reflection and isolation coefficients exceeding
—20 dB at all ports and a promising insertion loss of
—6+£3 dB across the 0.7 GHz to 3.5 GHz bands.

The achieved phase differences exhibit a maximum
average tolerance of +4.5°, underscoring the precision of
the design. Importantly, the BM’s compact dimensions of
143 mm x 186 mm represent a remarkable 78% size
reduction compared to traditional T-shaped BM designs. The
paper establishes the proposed configuration’s reliability and
effectiveness through rigorous simulations and measurements
using CST Microwave Studio, and vector network analyser
(VNA). A comparative performance analysis underscores
its suitability for sub-6 GHz 5G dual-band beamforming
networks (BFNs), highlighting its compact size and improved
band ratio as key advantages in advancing next-generation
communication technologies.
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