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Abstract: This study introduces a compact branch-line coupler (BLC) based on metamaterial (MTM) technology that can
operate in sub-6 GHz 5G frequency bands. Conventional vertical and horizontal sections of the BLC were replaced with T-
shaped TLs and interdigital capacitor (IDC) unit cells incorporated into the BLC sections to improve their performance and
reduce their dimensions. The BLC is designed on a Rogers RT5880 substrate material, and it operates at dual frequencies of
0.7 GHz and 3.5 GHz. The design was simulated using CST Microwave Studio software and achieved enhanced frequency

band ratio.
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1. INTRODUCTION

The wuse of millimeter-wave and microwave
telecommunications is becoming increasingly popular for
processing large volumes of data in 5G and next-
generation communication systems [1]. Couplers are
commonly used in applications involving RF, microwave,
and millimeter-wave frequencies, with branch-line
couplers (BLCs) being particularly prominent among the
various types of couplers available [2]. Couplers play a
crucial role in several applications, such as Doherty power
amplifiers [3], balanced power amplifiers [4], and
balanced mixers [5]. Additionally, they can be employed
for power splitting in numerous other applications [6].

To miniaturize couplers, traditional methods involve
substituting transmission lines (TLs) with their lumped-
element equivalents [7] or using high-permittivity
substrates [8]. Another compelling option is to use step
impedance [9] and additional stubs instead of the
conventional TLs [10]. Meanwhile, a crucial element in
creating a multiband system that is necessary for
advancing and improving the wireless communication
sector is the multiband BLC. Various techniques and
structures have been utilized to develop dual-band BLC.
These include T-shaped TLs, as described in [11, 12], PI-
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shaped [13], center-tapped stubs [14], and coupled lines
[15]. All of the aforementioned techniques exhibit dual-
band operation capability; however, each has its
limitations. Some feature large structure sizes or small
frequency ratios, whereas others possess narrow
bandwidths and undesirable high insertion losses.

The emergence of metamaterial (MTM) structures has
paved the way for a new range of applications in
microwave and millimeter-wave circuits [16]. Composite
right/left-handed (CRLH) TLs possess highly desirable
features, such as enhanced component miniaturization,
dual-band functionality, increased bandwidth, and zeroth-
order resonance. Thus, a significant number of researchers
have employed MTM unit cells to reduce the size, enable
dual-band functionality, and enhance the electrical
characteristics of BLCs [17-22].

This paper proposes a compact dual-band BLC with
improved frequency band ratio, that operates in the lower
5G frequency bands of 0.7 GHz and 3.5 GHz.
Conventional BLC shunts and series branches have been
substituted with T-shaped TLs, which feature folded arms
and stubs to achieve size reduction. In addition, an MTM
structure using IDC unit cells was incorporated into the
BLC section to enhance its performance and decrease its
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overall size. The proposed structure was designed and
simulated using the CST-MW studio.

2. PROPOSED DESIGN PROCEDURE

Figure 1 illustrates a conventional BLC consisting of two
horizontal and vertical sections, with lengths equal to A/4,
and characteristic impedances of Z, and Z,/v2
respectively. Traditional TL are replaced with T-shaped
TLs with a configuration comprising two TL sections
(Z,, 8,), along with an open stub of (Z, 8,). To achieve
the dual-band function and reduce the overall circuit size,
the electrical lengths of the TL sections and open stubs
were made equal. The relationship between the A/4 —TL
and T-shaped lines can be expressed by equating their
ABCD matrices, as described in [23, 24].
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(b)
Figure 1. The diagram of (a) Conventional BLC (b)
Modified T-shaped TLs.

2.1 Horizontal BLC section (50/v/2 Q)

Figure 2(a) illustrates the configuration of the horizontal
T-shaped dual-band TL, and its frequency and phase
responses are shown in Figures 2(b) and 2(c), respectively.
From the figure 2(b), it can be seen that the horizontal TL
allows the signal to pass through at 0.7 GHz and 3.5 GHz
without, or negligible attenuation (S close to zero) and
the S parameter is less than -10dB at both 0.7 GHz and
3.5 GHz frequency bands respectively. Likewise, Figure
2(c) shows that the —90° and +90° phases are realized at
the desired frequencies of 0.7 GHz and 3.5 GHz,
respectively. The total dimensions of the traditional
horizontal TL are (52.1 mm X 53.5 mm) which is quite
large and need to be miniaturized while maintaining its
performance.
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Figure 2. The conventional dual-band horizontal
branch (a) Layout of the TL (b) S-parameters
magnitude. (c) Phase response

2.2 Vertical BLC section (50 (1)

The structure of the vertical T-shaped dual-band TL is
illustrated in Figure 3(a). The total size of the vertical TL
is obtained as (54.4 mm X 55.3 mm). The S-parameter
and phase response of the vertical line are shown in Figure
3(b) and (c), respectively. Figure 3(b) illustrates that the
signal can pass through the vertical line with minimal or
no attenuation (Sz; close to zero) at both 0.7 GHz and 3.5
GHz frequencies, and the S,; value is below -10dB for both
frequency bands. Similarly, Figure 3(c) indicates that the
—90° and +90° are achieved at the intended frequencies
of 0.7 GHz and 3.5 GHz, respectively.
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Figure 3. The conventional dual-band vertical branch
(a) Layout of the TL (b) S-parameters magnitude. (c)
Phase response
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2.3 Proposed metamaterial-based BLC design

2.3.1 Interdigital capacitor (IDC)

Figure 4(a)—(c) show the unit cell of the IDC metamaterial
structure and its equivalent circuits at both high and low
frequencies. The IDC fingers have an overall base width of
Bw and base length of B/l. The spacing between fingers is
s, and g represents the gap at the end of the finger. In
addition, the finger width and length are denoted by fw and
f1, respectively.

The rough approximation for the total capacitance of the
IDC is given by Equation (1) [25]:

C = (& + DfLIIN = 3)A; + A;] (pF) (M

In Equation (1), N denotes the number of fingers, and the
relative permittivity of the substrate material is represented

as &,.. The interior and exterior fingers of the IDC are
represented by the constants 4; and A, respectively, in
relation to 4 and Bw. These values can be obtained using
Equations (2) and (3):

h 0.45
A, = 4.409 tanh [0.55 () ] x 1076 (pF /um)  (2)

A, = 9.92tanh [0.52 (%)05] x 106 (pF/um) (3

where Bw and /4 represent the base width of the IDC fingers
and the height of the substrate, respectively. Similarly, the
parasitic resistance R resulting from conductor loss can be
determined using Equation (4).

l
() )

Equations (5) and (6) determine the capacitance (Cy) and
inductance (L) based on the assumption that fw/h << 1,
where c is the velocity of light in vacuum [18].
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Figure 4. The layout diagram showing (a) geometry of
the IDC. (b) low-frequency circuit equivalent (c) high-
frequency circuit equivalent.
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The geometrically optimized dimensions of the IDC are
listed in Table 1.

Table 1. Interdigital capacitor dimensions

Parameter | Bw | Bl | fl fw g s

Horizontal | 5.7 03 2.5 03 03 03
line IDC
(35.3Q)

Vertical 5.7 0.3 2.5 0.3 0.3 0.3
line IDC
(50 Q)

2.3.2 Meandered microstrip line

The process of reducing the size of the BLC involves
making several modifications to the stubs and branches,
which are originally quite long. These modifications
consist of incorporating an IDC unit cell, as shown in
Figure 4(a), and adding multiple 90° bends to both stubs
and branches, as depicted in Figure 5.

Figure 5. Application of a 90° bend in a straight TL

Equations (7) and (8) determine the process by which the
bends are added to straight TLs.

I'=l-w 7
t=0U+1"=w (8)

where w and /¢ are the width and total length of a straight
line, respectively. Truncating the edges helps reduce the
impact of the extra capacitance generated by the
discontinuity in the TL caused by the bends [26].

2.3.3 Proposed miniaturized MTM horizontal TL

Figure 6(a) shows the design layout of the proposed
horizontal TL, which has IDCs on both sides and includes
four 90° bends to increase compactness. The overall
dimensions of the proposed horizontal TL are (35.2 mm X
14.2 mm), which is 82.1% size reduction compared to the
standard horizontal TL. The S-parameter and frequency
responses to the proposed horizontal TL are shown in
Figures 6(b) and 6(c), respectively. The results indicate
that the proposed TL can effectively transmit signals at
both 0.7 GHz and 3.5 GHz, similar to the horizontal TL in
section 2. Additionally, it demonstrates that the desired
phases —90° and +90° are achieved at frequencies of 0.7
GHz and 3.5 GHz, respectively.
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Figure 6. The proposed dual-band horizontal line (a)
physical layout (b) S-parameter response (c) phase
response

2.3.4 Proposed miniaturized MTM vertical TL

Figure 7(a) shows the design layout of the proposed
vertical TL. This miniaturized TL includes IDCs on both
sides and features four 90° bends to increase compactness.
The proposed vertical TL covered a total dimension of
(35.8mm x 12.7 mm). That is approximately 84.9%
size reduction compared with the conventional vertical TL.
The S-parameter and frequency responses are shown in
Figures 7(b) and 7(c), respectively. According to the
results, the proposed TL is capable of transmitting signals
at both 0.7 GHz and 3.5 GHz, which is similar to the
vertical TL in Section 2. Furthermore, it demonstrates that
the intended phases of —90° and +90° are achieved at
frequencies of 0.7 GHz and 3.5 GHz, respectively.
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Table 2 lists the physical dimensions of the proposed
miniaturized TL sections, which are used to replace the
vertical and horizontal TL sections of the conventional
BLC.

Table 2. Proposed miniaturized TL dimensions

Parameter | La Lb Is1 Is2 Is3 ws

Horizontal | 352 | 142 | 11.7 | 7.9 2.9 09
line

(35.3Q)

Vertical 358 | 127 | 11.0 | 7.5 2.6 | 045

line (50 Q)

Using the CST-microwave studio as a full-wave simulator,
the miniaturized MTM TL was designed with an IDC and
meandered stub structure for both 35.3 Q and 50 Q lines.
At 0.7 GHz and 3.5 GHz, the phases of —90° and +90°
are achieved for both TLs. This can be used to replace
conventional branches of the BLC to effectively reduce the
size and enhance the performance of the proposed BLC.
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2.3.5 miniaturized dual-band BLC

The proposed BLC operates in dual-band frequencies of
0.7 GHz and 3.5 GHz, and its design involves modifying
the size of the TLs and open stubs to obtain the desired
performance while also miniaturizing the overall structure
size. Figure 8 illustrates the proposed device, which is 80%
smaller than that of the traditional dual-band BLC in the
same frequency bands.

4

v
Figure 8. The layout diagram of the proposed dual-
band BLC. (Ix = 51.7 mm, /y = 55.05 mm)

3. SIMULATION RESULTS AND DISCUSSION

The S-parameters and phase response of the proposed BLC
with respect to the output and isolated ports are shown in
Figures 9 (a)—(c), respectively. The simulated results of the
S-parameters in Figures 9 (a) and (b) indicate that the BLC
can operate at the sub-6 GHz, 5G dual frequency bands of
0.7 GHz and 3.5 GHz. The proposed BLC exhibits return
loss (S11) and isolation loss (S4;) below -10 dB for both
frequency bands. To achieve equal power distribution at
the output coupled and through ports, the insertion loss
(S21) and coupling loss (S31) should be approximately -3
dB. The simulated (S,1) and (S31) of the proposed design
as presented in Figure 9 (b) are -3.2 dB and -3.01 dB at 0.7
GHz, and -3.17 dB and 2.96 dB at 3.5 GHz frequency
bands, respectively.

Similarly, optimal power distribution requires a phase
difference of 90° between output ports 2 and 3. The
simulated phase differences (£Ss3i - £S,1) shown in Figure
9 (c) are 88.9° and 91.2° at 0.7 GHz and 3.5 GHz frequency
bands, respectively. This implies that there was a
maximum phase deviation of 1.2° between the two
frequency bands.

Table 3 presents a performance comparison between the
proposed BLC and other state-of-the-art designs in the
literature.
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Figure 9. The S-parameter frequency response (a) the
S11 and S4; (b) the Sz; and Ss; (¢) Phase difference

(4831 - LSz])
Table 3. Proposed miniaturized TL dimensions
Ref f S 821 S31 Freq. Size
‘| (GHz) | (dB) | (dB) | (dB) | ratio (mm)
[20] 2/3 - - - 1.5 57 mm x
63 mm
[21] | 2.4/5. | 40.17 - - 2.16 | 0.29 A x
2 /42.1 | 3.79/- | 2.74/- 0.3 A,
2 3.81 3.55
[22] | 2.4/5. | 30.5/ -- - 2.16 | 20 mm x
2 16.1 21 mm
This | 0.7/3. | 25.2/ | -3.2/- - 5 51 mm X
work 5 20.1 3.17 | 3.01/- 55 mm
2.96
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3. CONCLUSION

In this study, an MTM-based dual-band BLC with an
enhanced frequency ratio was introduced. To achieve dual-
band functionality, the TL sections of the traditional BLC
were transformed into T-shaped TLs at the arms using
ABCD matrix analysis. The design structure is further
reduced in size by incorporating IDC unit cells into the
BLC sections and meandering both arms and stubs,
resulting in an approximately 80% reduction in the overall
dimensions, while also improving its performance. In
addition, this compact structure can be used in sub-6 GHz,
5G applications.
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