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ABSTRACT This paper presents an efficient yet straightforward passive reconfiguration technique to tune
the operating frequency of a branch-line crossover (BLCO). The underlying principle is to fill rectangular
dielectric channels (RDCs) prepared beforehand with either air or materials of different relative permittivity.
Two configurations (one RDC and three RDCs in each arm) of the branch-line crossover are employed to
estimate the tunability range of the operating frequency. The introduction of RDCs packed with different
materials in the branch lines modifies the effective permittivity of the dielectric medium, resulting in an
alteration of the operating frequency. The size and the positions of the RDCs are optimized using full-wave
electromagnetic simulations to achieve maximum tunability range while ensuring reasonable bandwidth.
A lumped circuit model (LCM) is developed to analyze the working principle of the proposed technique.
To validate computational models, two prototypes of the branch-line crossover are realized, fabricated, and
experimentally demonstrated. The first BLCO packed with seven RDCs exhibits a frequency tuning range
of 15.8%, whereas the second prototype filled with twenty-one RDCs features a tuning range of 36.9%.

INDEX TERMS Branch-line crossover, reconfigurable, dielectric-loaded.

I. INTRODUCTION
Smaller gadgets featuring more intricate designs have now
become possible due to rapid advancements in wireless com-
munication technology. It is often essential for two RF traces
to cross each other on a printed circuit board (PCB) while
retaining a high level of isolation due to the reduced size of
the device. A microwave crossover is a four-port device that
enables the joining of two transmission lines while maintain-
ing the necessary isolation, thereby ensuring proper opera-
tion of the system. Crossovers are often utilized in Butler
matrices employed in feeding networks of antenna arrays.
Crossovers were initially built using three-dimensional (3D)
structures including bond wires, via holes, underpasses, and
air bridges [1], [2], [3]. These designs exhibited high return
loss in the passband in addition to fabrication problems.
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approving it for publication was Wenjie Feng.

To address these issues, branch line structures have been
proposed to realize planar crossovers with smaller footprint
areas, wideband, and multi-band responses [4], [5], [6], [7],
[8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22].

Compact size, broad bandwidth, and harmonic suppression
are the three most typical requirements of modern wire-
less technology. Accordingly, planar branch-line crossovers
that are small, enable harmonic suppression and wide-
band operation, have been designed [4], [5], [6], [7], [8],
[9], [10], [11], [12], [13], [14], [15], [16], [17]. Based
on the branch-line layouts, nonstandard planar crossovers
have been constructed in [4]. Multi-section branch-line cou-
plers have been examined in [5] in order to realize a
planar crossover. A truncated microstrip patch has been
used to create a planar crossover for wideband applica-
tions [6]. In [7], a compact planar crossover for broad-
band applications was achieved by cascading branch-line
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couplers. Microstrip-line to ridge-waveguide transition has
been used to realize a crossover featuring wideband and
high isolation responses [8]. The 5-, 6-, and 7-section-based
planar crossovers have been examined in [9]. Using cou-
pled lines, a compact filtering crossover has been achieved
in [10]. By using multi-section branch lines with open
stubs, a miniature crossover has been constructed in [11].
In [12], a miniature crossover was designed using three-
section metamaterial lines. By incorporating multi-section
branch lines with open stubs, a miniature crossover has been
proposed in [13]. In [14], a crossover with wideband and
harmonic suppression has been reported using multi-section
microstrip lines with adjustable impedances. The above-
designed crossovers exclusively work in a single frequency
band, which restricts their use in systems that support many
communication standards.

To support multiple standards in current wireless technol-
ogy, several configurations have been developed to imple-
ment multi-band crossovers [15], [16], [17], [18], [19], [20],
[21], [22]. In [15], a dual-band crossover has been designed
by employing right/left-handed transmission lines. In [16],
a two-section branch-line configuration has been analyzed
for the realization of a dual-band crossover. A two-section
branch-line configuration with an H-shaped line has been
applied to develop a miniature crossover for dual-frequency
application [17]. In [18], a planar dual-band crossover with
high isolation has been constructed using open-ended cou-
pled lines. In [19], a dual-band crossover has been designed
by using a dumbbell-shaped resonator. In [20], a triple-band
planar crossover has been realized based on the multi-band
transmission lines. In [21], a cross-shaped line has been
employed for the design of a dual-band crossover.

Crossovers such as those mentioned earlier are only suit-
able for fixed-frequency applications. However, in order to
save the cost and reduce the size, software-defined radio
and cognitive radio mandate that current transceiver sys-
tems be capable of being customized for tunable frequen-
cies and different communication standards. Consequently,
reconfigurable microwave passive components have been
attracting considerable attention. Reconfigurability of com-
ponents has been achieved by employing lumped components
(p-i-n diodes or varactors) and electro-mechanical systems
(MEMS). These techniques offer fast switching speeds, high-
bandwidth operation, and high-quality factors, but exhibit
major drawbacks such as low power-handling levels and
lack of compatibility with flexible solutions required for
wearable components. Therefore, liquid or solid dielectrics
have been employed for the realization of tunable microwave
devices [22], [23], [24], [25], [26], [27], [28], [29], [30],
[31], [32], [33], [34]. Liquid dielectrics are passive and
mechanically-based, highly linear, and flexible, which makes
them excellent choices for high-power and wearable devices.
In addition, this approach provides a wide frequency tuning
range, low insertion loss, and easy fabrication as compared to
diodes and MEMS methods. Recently, fluidic channels have

been applied for the construction of tunable microwave filters
[22], [23], [24], [25], [26], [27], tunable frequency-selective
surfaces [28], [29], and tunable antennas [30], [31], [32].
In [33], a substrate-integrated waveguide (SIW) slot antenna
has been designed based on a solid dielectric rod. In [34],
a miniaturized SIW-based filter with frequency tunability
has been designed by applying magnetized ferrite substrate.
In [35], a reconfigurable antenna has been realized using a
falcate patch and an L-shaped probe. In [36], a multilayer
dielectric antenna has been constructed based on the multiple
dielectric stacks.

Varactor diodes and tunable capacitors have been recently
used to implement a tunable planar crossover [38]. The tun-
ing range of this device is from 1.29 GHz to 2.06 GHz.
Reference [39] describes the construction of a tunable
crossover based on half-mode substrate-integrated waveg-
uides (HMSIW). Three adjustable capacitors are used
between the HMSIWs to tune the operating frequency. Tun-
ability of these circuits was made possible by semiconductor
devices, which have a number of deficiencies, as discussed
earlier. An alternative is to employ solid dielectric channels,
which is a solution suitable for the realization of planar
tunable crossovers, investigated in this work.

This article presents a novel passive reconfigurable
technique to tune the operating frequency of branch-line
crossovers. Rectangular channels are created by milling the
transmission line of the crossover. They are packed with
dielectric materials/air to achieve frequency tunability. Two
models (seven and twenty-one dielectric channels) have
been chosen to study the tenability properties. Filling the
channels with dielectric material or air alters the effective
permittivity of the dielectric medium, resulting in operating
frequency shifts. To obtain maximum tunability, the posi-
tion and dimension of the dielectric channels are optimized
using CST Microwave Studio. A lumped-circuit model is
developed to explain the working principle of the proposed
crossover. For validation, two prototypes of the branch-line
crossovers are developed, fabricated, and tested. Experimen-
tal results demonstrate the achievable tunability range of up to
thirty percent, which is in agreement with simulation-based
predictions.

II. DESIGN PROCEDURE
This section describes the proposed branch-line crossover
(BLCO) configuration and the formation of dielectric
channels. Subsequently, the position and dimension of the
channels are optimized using a full-wave simulator. The
channels are filled with different dielectric materials to obtain
frequency tunability. To validate the proposed idea, a lumped
circuit model (LCM) is constructed for the proposed tunable
BLCO and analyzed, along with the full-wave EM simula-
tion. The experimental demonstration and comparative anal-
ysis of state-of-the-art BLCO prototypes will be presented in
Section III.
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FIGURE 1. Schematic of the proposed reconfigurable branch-line
crossovers: (a) a version with seven RDCs, (b) a version with 21 RDCs,
(c) cross-section view of the RDC geometry. Final dimensions: La1 = 22,
La2 = 22, Wa = 22, Lb1 = 22, Lb2 = 22, Wb = 22, h d = 1.32, hs = 1.52.
(Units: Millimeters).

A. ANALYSIS OF THE PROPOSED TUNABLE BLCO
Figure 1 illustrates the layout of the proposed reconfig-
urable branch-line crossovers (BLCO), and the close-up
view of the dielectric channels. The schematics of BLCO
with 7 and 21 rectangular dielectric channels (RDCs) are
shown in Figs. 1(a) and 1(b), respectively. Initially, a con-
ventional BLCO working at 1.8 GHz is designed using seven
λ/4 transmission lines with the characteristic impedance of
Za = Zb = 50�.

The EM-simulated S-parameters of the conventional
BLCO are shown in Fig. 2. It is found that the insertion
and return losses are below 0.3 dB and 25 dB, respectively.
In addition, the isolation is greater than 25 dB. The BLCO
was realized using Roger’s AD250C material of thickness
hs = 1.524 mm, εr = 2.5, and tan δ = 0.0014. The proposed
tunable BLCOs are developed by inserting rectangular dielec-
tric channels. The dielectric channels are filled with air and
dielectric materials to obtain operating frequency tunability.

Since the BLCO is loaded with rectangular dielectric chan-
nels, its operating frequency depends on the relative per-
mittivity and dimension of the channels. It is challenging
to mechanically adjust the dimension of the channels after

FIGURE 2. S-parameters of the conventional branch-line crossover:
(a) |S11| and | S31|, (b) |S21| and |S41|.

manufacturing because doing so will alter the physical size of
the BLCO. Therefore, it is simpler to insert various dielectric
materials into the air holes in order to obtain tunability.
Altering the frequency is a result of the difference in relative
permittivity of the substrate and the dielectric channels. The
operating frequency shifts upward when all channels are
filled with air, whereas it shifts downward when all channels
are filled with dielectric materials.

B. ANALYSIS OF THE BLCO WITH SEVEN RDC
The schematic of the BLCO with seven rectangular dielectric
channels (RDCs) has been shown in Fig. 1(a). A rectangular
dielectric channel with dimensions La1 × Wa is milled on
each arm of the BLCO, with a total of seven RDCs. The
width of the RDCs remains the same as that of the arms. The
RDCs have the same height of hd that is less than the height
of the substrate, resulting in a thin layer of the substrate to
accommodate the chosen dielectric material and to keep the
integrity of the ground plane intact.

The RDCs are filled with dielectric materials and air to
obtain frequency tunability. In this study, we have considered
Roger’s RO4360G2 (εr = 6.02) and RO3010 (εr = 10.2)
dielectric materials to fill the channels. The operating fre-
quency moved to the lower value by loading the RO4360G2
and RO3010 due to the difference in relative permittivity.
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FIGURE 3. (a) Schematic of subnetworks of the BLCO; (b) Lumped-circuit
model used for crossover simulation.

TABLE 1. Component values of proposed tunable BLCO.

C. LUMPED CIRCUIT MODEL ANALYSIS
Figure 3(a) shows the subnetworks of the proposed BLCO
with seven RDCs. The dielectric channels are analyzed using
a lumped circuit model (LCM), as depicted in Fig. 3(b).
The Keysight Advanced Design System (ADS) simulator
is employed to analyze the frequency tunability for various
dielectricmaterials. The LCMcomponent values are obtained
from the S-parameters, calculated with CST Microwave Stu-
dio from 1 GHz to 2.6 GHz based on [37]. Three lumped-
circuit models are developed for each dielectric channel: one
for Roger’s RO4360G2 (εr = 6.02), one for Roger’s RO3010
(εr = 10,2), and another for the air-filled channels. The
extracted component values for different dielectric materials
are listed in Table 1.

To verify the frequency tunability of the proposed BLCO,
a series of circuit simulations of the equivalent circuit model
are performed as the channels are filled with RO4360G2,

FIGURE 4. Circuit and EM simulated S-parameters of the proposed BLCO
filled with one RDC of air: (a) |S11| and |S31|, (b) |S21| and |S41|.

RO3010, and air. The circuit and electromagnetic (EM) sim-
ulated S-parameters are compared for three different materi-
als. Figure 4 shows the S-parameters for air-filled channels.
Figure 5 depicts the S-parameters comparison for RO4360-
filled channels. Similarly, Fig. 6 presents the S-parameters
comparison for RO3010-filled channels.

The figures indicate an excellent agreement between the
circuit and EM simulated frequency responses. The return
losses and isolations are better than –20 dB for all dielectric
materials. In addition, the fractional bandwidths for different
materials are almost equal, considering a –15dB level for
return loss and isolation. Analogously, the proposed concept
can be extended for BLCO with 21 dielectric channels.

III. FABRICATION, RESULTS AND DISCUSSION
Two prototypes have been fabricated and experimentally
demonstrated to validate the proposed concept. The proto-
types are implemented on Roger’s AD250C substrate with
hs = 1.524 mm, εr = 2.5, and tan δ = 0.0014. The first
structure has one RDCs in each arm of the BLCO, whereas
the second prototype contains three RDCs in each arm of the
BLCO.

Figures 7(a) and (b) show the photographs of the fabricated
BLCOs with seven and twenty-one RDCs, respectively. The
RDCs are milled out on the top of the microstrip line, and
filled with various dielectric materials. A two-port Rohde &
Schwarz vector network analyzer is employed to perform the
measurements, and the setup is shown in Fig. 7(c). The mea-
surement is recorded upon filling the RDCs with air, Roger’s
RO4360G2 (εr = 6.02), and RO3010 (εr = 10.2) dielectric

VOLUME 11, 2023 38075



R. K. Barik et al.: Design of Frequency-Reconfigurable BLCO Using RDCs

FIGURE 5. Circuit and EM simulated S-parameters of the proposed BLCO
filled with one RDC of RO4360: (a) |S11| and |S31|, (b) |S21| and |S41|.

FIGURE 6. Circuit and EM simulated S-parameters of the proposed BLCO
filled with one RDC of RO3010: (a) |S11| and |S31| (b) |S21| and |S41|.

materials. After the RDCs are filled with dielectric materials,
the copper tape covers the channels to restore connectivity.

A. RESULTS FOR BLCO WITH SEVEN RDCs
The EM simulated and measured S-parameters of the fabri-
cated prototype of the tunable BLCO with seven RDCs have
been shown in Figs. 8, 9, and 10. This prototype has only one

FIGURE 7. Fabricated prototypes of the proposed BLCO: (a) seven RDCs.
(b) 21 RDCs, (c) measurement setup.

RDC in each arm of the BLCO. First, the BLCO is measured
without any dielectric material, that is, with the air. Next,
the RDC is filled with RO4630 (εr = 6.02) and RO3010
materials having (εr = 10.2). The operating frequency is
shifted to 1.89 GHz by filling the RDCwith air. The operating
frequency is shifted to 1.71 GHz and 1.63 GHz by filling
the RDC with RO 4630 and RO3010 materials, respectively.
Therefore, the proposed BLCOwith one RDC in each branch
line can adjust its operating frequency from 1.63 GHz to
1.91 GHz, which corresponds to a 15.8-percent tuning range.

Referring to Fig. 8, it is found that the passband is centered
at 1.88 GHz with the return loss and isolations greater than –
21 dB, whereas, the insertion loss at the through-port is less
than 0.48 dB. The EM simulated and measured fractional
bandwidths for a –15 dB level of return loss is greater than
29%. By filling the RDCs with RO4360 material, the pass-
band is centered at 1.71GHz as depicted in Fig. 9. It is seen
that the return loss and isolations are better than –19.5 dB,
whereas, the insertion loss is found to be less than 0.41 dB.
For –15 dB return loss, the EM simulated and tested frac-
tional bandwidths are obtained as 27.5% and 29%, respec-
tively. Figure 10 demonstrates that the passband is centered
at 1.64GHz when the RDCs are filled with RO3010 material.
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FIGURE 8. EM simulated and measured S-parameters of the BLCO-seven
RDCs with air-filled: (a) |S11| and |S31|, (b) |S21| and |S41|.

FIGURE 9. EM simulated and measured S-parameters of the BLCO-seven
RDCs with RO4360-filled: (a) |S11| and |S31|, (b) |S21| and |S41|.

The EM simulated and tested return loss and isolations are
better than –16.9 dB and the through port insertion loss is

FIGURE 10. EM simulated and measured S-parameters of the BLCO-seven
RDCs with RO3010-filled: (a) |S11| and |S31|, (b) |S21| and |S41|.

TABLE 2. Performance indicators of the proposed BLCO with one RDC in
each branch line.

obtained as less than 0.57 dB. The fractional bandwidths
are found to be greater than 28%, considering a –15dB
level return loss. The performance indicators of the proposed
tunable BLCO with one RDC in each arm are shown in
Table 2. Hence, it is noted that the passband frequency can be
tuned to lower values by using dielectric materials of higher
permittivity.

B. RESULTS FOR BLCO WITH TWENTY ONE RDCs
Figure 7(b) shows the fabricated prototype of the tunable
BLCO with 21 RDCs. For the first measurement (case-1),
All RDCs are packed with air, RO4360, and RO3010 mate-
rials, and the corresponding S-parameters are recorded. The
EM simulation and measured S-parameters are illustrated in
Figs. 11, 12, and 13. The passband is centered at 2.05GHz,
1.56GHz, and 1.41GHz when the RDCs are filled with air,
RO4360, and RO3010, respectively. Hence, the proposed
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FIGURE 11. EM simulated and measured S-parameters of the
BLCO-twenty-one RDCs with air-filled (a) |S11| and |S31|, (b) |S21| and
|S41|.

FIGURE 12. EM simulated and measured S-parameters of the
BLCO-twenty-one RDCs with RO4360-filled: (a) |S11| and |S31|, (b) |S21|

and |S41|.

BLCO is tuned from 1.41 GHz to 2.05 GHz, which corre-
sponds to a 36.9-percent tuning range. From Fig. 11, it is
obtained that the return loss and isolations are greater than

TABLE 3. Performance indicators of the proposed BLCO with three RDCs
in each branch line: case-1.

TABLE 4. Performance indicators of the proposed BLCO with three RDCs
in each branch line: case-2.

FIGURE 13. EM simulated and measured S-parameters of the
BLCO-twenty-one RDCs with RO3010-filled: (a) |S11| and |S31|, (b) |S21|

and |S41|.

–17.9 dB at the passband, whereas the insertion loss is less
than 0.53 dB. A fractional bandwidth of 21% is obtained
considering a –15dB level of return loss. Referring to Fig. 12,
the return loss and isolations are better than –18.3 dB and
the insertion loss is less than 0.32 dB. For a –15 dB level
of return loss, the fractional bandwidth is computed as 28%.
As depicted in Fig. 13, the return loss and isolations are
greater than –13.2 dB and the insertion loss is less than 0.9 dB.

38078 VOLUME 11, 2023



R. K. Barik et al.: Design of Frequency-Reconfigurable BLCO Using RDCs

TABLE 5. Performance comparison of SIW Self-diplexing antennas.

FIGURE 14. EM simulated and measured S-parameters of the
BLCO-twenty-one RDCs with air-filled between two RO4360-filled RDCs in
each arm: (a) |S11| and |S31|, (b) |S21| and |S41|.

A fractional bandwidth of 26% is obtained for –13 dB return
loss. The performances of EM simulation and measurements
for air, RO4360, and RO3010 are shown in Table 3.

In the second measurement (case-2), the middle RDC of
each arm is kept empty and two adjacent RDCs are filled
with RO4360 and RO3010 materials. The corresponding
S-parameters are obtained and compared with the EM sim-
ulated one as depicted in Figs. 14 and 15. Figure 14 indicates

FIGURE 15. EM simulated and measured S-parameters of the
BLCO-twenty-one RDCs with air-filled between two RO3010-filled RDCs in
each arm: (a) |S11| and |S31|, (b) |S21| and |S41|.

that the return loss and isolations are greater than –19.2 dB,
whereas the insertion loss is less than 0.2 dB. For a –15 dB
return loss, the fractional bandwidth is obtained more than
25%. Referring to Fig. 15, the return loss and isolations are
found to be better than –21.1 dB and the insertions loss is
less than 0.49 dB. A fractional bandwidth of 27% is recorded
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considering a –15dB return loss. The EM simulated and tested
performances are compared as shown in Table 4.

Table 5 shows a comparative study to demonstrate the
superiority of the proposed reconfigurable crossover over the
previously reported crossovers. Compared to [6], [7], [8], [9],
[10], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [38], and [39], the proposed crossover exhibits minimal
insertion loss throughout the tuning range. When compared
to [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], [21], [38], and [39], the proposed crossover
achieves excellent fractional bandwidth, isolation, and return
loss. In addition, while the proposed work and earlier works
in [38] and [39] show frequency tunable crossovers, the
crossovers reported in [6], [7], [8], [9], [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19], [20], and [21] demonstrate
single/dual-band operation. In [38] and [39], crossovers pro-
vide wide tuning range by using varactor diodes that results in
major drawbacks such as low power-handling levels and lack
of compatibility required for wearable components. To over-
come these drawbacks, a passive reconfigurable technique is
used in the this work. Moreover, the frequency tuning range
can be increased by using dielectric materials with higher
permittivity. In comparison to [38] and [39], the proposed
crossover features low insertion loss, high isolation, and high
fractional bandwidth. The proposed reconfigurable crossover
is also validated using an equivalent lumped circuit model.

IV. CONCLUSION
This paper describes a simple passive reconfiguration tech-
nique for tuning the operating frequency of a branch-line
crossover (BLCO). The basic idea is to fill rectangular dielec-
tric channels (RDCs) that have been previously arranged
with either air or materials of different relative permittiv-
ity. To estimate the tunability range of the operating fre-
quency, two crossover configurations (one RDC and three
RDCs in each branch line) have been realized. The accu-
mulation of RDCs packed with different materials in the
branch lines changes the effective permittivity of the dielec-
tric medium, causing the operating frequency to alter. Full-
wave electromagnetic simulations are used to optimize the
size and position of the RDCs in order to achieve maximum
tunability range while maintaining reasonable bandwidth.
To analyze the working principle of the proposed technique,
a lumped circuit model (LCM) has been developed. Two
crossover prototypes are realized, fabricated, and experimen-
tally demonstrated to validate computational models. The
agreement between EM-simulated and measured responses
is excellent. However, due to fabrication tolerance, connector
loss, and conductor surface precision, small differences have
been observed between EM simulations and experimental
results. Notwithstanding, it has been corroborated that the
first prototype (containing one RDC in each branch line)
exhibits a frequency tuning range of 15.8%, whereas the
second prototype (containing three RDCs in each branch line)
features a tuning range of 36.9%.
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