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Abstract: This paper presents a frequency-reconfigurable dual-band radio frequency (RF) crossover
based on quarter-wavelength coupled lines (CLs) and open stubs. Initially, an even–odd-mode
analysis was conducted for the design, and closed-form equations were found. Then an advanced
design system (ADS) was utilized to support and further optimize the theoretical analysis. Afterwards,
high-frequency simulation software (HFSS) was used to simulate the proposed design. The proposed
device is printed on a 1.524 mm RO4003C printed-circuit board (εr = 3.55). The frequency tunability
is achieved by employing two varactor diodes connected to the open stubs. When the biasing voltage
is altered, the capacitance of the SMV1405 varactor can change from 2.67 pF to 0.63 pF. Accordingly,
the two operating frequencies can be continuously tuned from 2.06 GHz to 2.40 GHz and from
5.44 GHz to 5.84 GHz. For the low-frequency range, return loss and isolation are above 15 dB, and the
insertion loss is less than 1.1 dB. As for the high-frequency range, the return loss is greater than 20 dB,
the isolation is better than 15 dB, and the insertion loss is lower than 1.6 dB. The measurement results
agreed well with the simulation results, and the crossover overall size is 45.5 mm × 29.4 mm. The
proposed device can be utilized for various application areas, such as 5G smartphone applications
and satellite communication.

Keywords: crossover; dual band; coupled lines; reconfigurable; varactor diodes

1. Introduction

A radio frequency (RF) crossover is a passive microwave device that consists of four
ports: two input ports and two output ports. Its main purpose is to ensure the passage of
two signals traveling across each other simultaneously with minimal interference. In this
device, one signal travels from port 1 to port 3, and the second signal travels from port 2
to port 4. Also, all of the crossover ports must be matched. This microwave device is of
great importance in beamforming networks (BFNs) such as butler matrices (BMs). BMs
play an essential role in feeding networks of antenna arrays. Thus, it has the ability to
control the steering of the main beam, can realize multi-beam response, or can provide
wide coverage with high gain if properly designed [1]. BMs conventionally consist of
couplers, crossovers, and phase shifters. Accordingly, the characteristics of the BM will be
the same as the characteristics of its components. As a result, many investigations were
conducted to enhance the performance of BMs and realize demanded features such as
wideband response [2,3], multi-band response [4], reconfigurable response [5], or reaching
a compact design [6,7]. Therefore, crossovers have been widely researched and designed
using various techniques. Starting from a non-planar model using airbridges to prevent
metallic connectivity between the four ports, we achieve two separate paths [8]. Another
design was presented using a multi-layer structure where there exist two paths: one regular
path using a transmission line (TL), and the other is physically disconnected but electrically
connected by utilizing the additional PCB layer [9]. Capacitors and inductors can be
employed to fulfill a compact crossover [10]. Also, a multi-section branch-line coupler
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(BLC) can realize crossover performance [11]. Negative-refractive-index transmission
line (NRI-TL) metamaterial lines were used to design a crossover [12]. The design was
accomplished by loading the TLs of three BLCs with shunt inductors and series capacitors.
Moreover, filtering crossover was achieved using a ring resonator [13]. Microstrip square,
circular, and hexagonal patch crossovers were investigated [14]. Also, a square patch was
used to achieve a crossover design; however, in this design, the implementation of different
slot shapes on the patch was researched [15]. Another approach to realizing a crossover is
by utilizing CLs. Usually, crossovers based on CLs lead to a compact design [16].

Along with the rapid and continuous advancement of technology, the development
of microwave devices capable of operating at different resonant frequencies [17–24] or
multi-tasking using the same device [25–35] became a necessity. Crossover with dual-
band response was achieved by increasing the length of the vertical TLs of a branch-line
crossover (BLCO) to double the length of the horizontal TLs [20]. Also, the replacement of
the horizontal TLs of a BLCO by a T-network can accomplish a dual-band crossover [21].
Cascading a dual-band coupler can lead to a dual-band crossover [22]. Furthermore, CLs
were utilized to realize the dual-band response [23,24]. All of the aforementioned dual-band
designs can only operate at two fixed frequencies.

The following crossover designs resonate at a single frequency but with the ability to
tune that operating frequency. One way of achieving frequency tuneability is by employing
rectangular dielectric channels (RDCs) in a BLCO [25]. Then, by filling the RDCs with air
or dielectric materials, the frequency will change as the permittivity changes. Another way
of realizing tunability is by employing varactor diodes that can give different capacitances
based on the applied biasing voltage. Substrate integrated waveguide (SIW) evanescent-
mode cavity resonators along with four sets of varactors were used to achieve a frequency-
reconfigurable crossover [26]. Two CLs, two constant capacitors, and one varactor diode
have been incorporated to alter a crossover frequency [27]. Using the same design, instead
of one, three varactor diodes were implemented instead of one [28].

As per the conducted investigation, there exists no frequency-reconfigurable crossover
operating at two frequencies. Therefore, a dual-band crossover with tuneable frequencies
has been analyzed, designed, simulated, fabricated, and measured. Some considerations
were followed while conducting the design, such as achieving a planar design that can be
easily integrated with other microwave devices. The size of the design should be reasonable.
The complexity of the design shall be avoided to simplify the fabrication process and
decrease the cost. Using few switching elements since its increase will consequently lead to
more soldering required and more resistance. Thus, insertion loss, isolation loss, and return
loss can be negatively affected. Also, it will increase the number of biasing circuits needed.

The proposed design is accomplished by using four CLs, two open stubs, and two var-
actor diodes while maintaining the symmetry of the design to reach closed-form equations
from the even–odd-mode analysis. The low frequency can be changed from 2.06 GHz to
2.40 GHz with a tuning range of 15.3%. The high frequency can be altered from 5.44 GHz
to 5.84 GHz, and the tuning range is 7.1%. The proposed crossover can be used for WiMAX
(2.3 GHz and 5.8 GHz) and IEEE 802.11 WLAN (2.4 GHz and 5.725 to 5.82 GHz) applications.

In the next section, Section 2, the theoretical analysis of the proposed design, basically
the even–odd-mode analysis, crossover conventional specifications, CL constraints, and
advanced design system (ADS) [36] results are presented. Section 3 is about simulating
the design using high-frequency simulation software (HFSS) [37], where an insight into
the covered frequencies and S-parameters of the design can be found. Then, Section 4 is
regarding implementation and measurement, where the crossover fabrication, S-parameter
measurements, results discussion, and comparison with the aforementioned published
designs are stated. Lastly, Section 5 is the conclusion of the proposed design.

2. Theoretical Analysis

The circuit schematic of the proposed dual-band frequency-reconfigurable crossover
is shown in Figure 1. Four quarter-wavelength CLs are utilized, along with two open 90◦
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stubs. There are two sets of CLs regarding the even and odd impedances (Ze1, Zo1) and
(Ze2, Zo2). Whereas the stubs have an impedance of Z1 and each stub is connected through
a varactor diode, so two varactor diodes are used.
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Figure 1. Circuit schematic of the dual-band frequency-reconfigurable crossover.

The design is symmetric along both the horizontal and vertical axes to ensure finding
closed-form equations and simplify the design process. Consequently, even–odd-mode
analysis is carried out [38], and Figure 2 shows the equivalent even–even, odd–even,
even–odd, and odd–odd circuits.
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The equations corresponding to these circuits are as follows:

Za = −j
2Z1

tan θ
(1)

Zb = −j
(

2Z1

tan θ
+

1
0.5ωC

)
(2)

Zc1 = Ze1
Zb + jZe1 tan θ

Ze1 + jZb tan θ
(3)

Zd1 = −j
Ze2

tan θ
(4)
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The even–even admittance:

Yee =
1

Zc1
+

1
Zd1

= j

(
tan θ

Ze2
− 1

Ze1

0.5ωCZe1 tan(θ) + Z1ωC tan(θ) + (tan(θ))2

Z1ωC + tan(θ)− 0.5ωCZe1(tan(θ))2

)
(5)

Zc2 = Zo1
Zb + jZo1 tan θ

Zo1 + jZb tan θ
(6)

Zd2 = jZo2 tan θ (7)

The odd–even admittance:

Yoe =
1

Zc2
+

1
Zd2

= −j

(
cot θ
Zo2

+
1

Zo1

0.5ωCZo1 tan(θ) + Z1ωC tan(θ) + (tan(θ))2

Z1ωC + tan(θ)− 0.5ωCZo1(tan(θ))2

)
(8)

The even–odd admittance:

Yeo = j
(

tan θ

Ze2
− cot θ

Ze1

)
(9)

The odd–odd admittance:

Yoo = −j
(

cot θ
Zo2

+
cot θ
Zo1

)
(10)

To realize a crossover design, the following criteria should be met:

|S11| = |S22| = |S33| = |S44| = 0 (11)

|S21| = |S41| = |S32| = |S43| = 0 (12)

|S31| = |S42| = 1 (13)

where S11 is the return loss, S31 is the insertion loss, and S21 and S41 are isolation S-
parameters. Since the crossover is a passive microwave device, it means that its scattering
matrix is reciprocal:

S =


|S 11| |S 12| |S 13| |S 14|
|S 21| |S 22|
|S 31| |S 32|
|S 41| |S 42|

|S 23| |S 24|
|S 33| |S 34|
|S 43| |S 44|

 =


0 0 1 0
0 0
1 0
0 1

0 1
0 0
0 0


The S-parameters can be calculated using

S11 =
Γee + Γeo + Γoe + Γoo

4
(14)

S21 =
Γee − Γeo + Γoe − Γoo

4
(15)

S31 =
Γee − Γeo − Γoe + Γoo

4
(16)

S41 =
Γee + Γeo − Γoe − Γoo

4
(17)

where the input reflection coefficients can be calculated using

Γee,eo,oe,oo =
1 − ZoYee,eo,oe,oo

1 + ZoYee,eo,oe,oo
(18)
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Then, by substituting (14)–(18) in (11)–(13), the following equations are found:

Γee = Γoo = −Γeo = −Γoe (19)

Yee = Yoo (20)

Yeo = Yoe (21)

Z2
o Yee Yeo = 1 (22)

Also, the tuning range [39] can be calculated using

Tuning Range (%) =
fHigh − fLow√

fHigh fLow

× 100% (23)

fHigh: the highest resonant frequency that can be obtained in a band from tuning.
fLow: the lowest resonant frequency that can be obtained in a band from tuning.

In addition, there are constraints regarding any CL to enable or facilitate its fabrication
process. The even impedance must be greater than the odd impedance. Otherwise, the
gap between the two TLs will be big, leading to uncoupling. Another condition that must
be met is that the even impedance to odd impedance ratio should not be very high. If so,
the gap between the two TLs will be very small, making the fabrication process a hard
or impossible task to accomplish. Also, it may lead to high coupling, which can ruin
the design.

While keeping in mind these considerations, the proposed crossover can be designed
to operate in different frequency bands based on the selection of the varactor diode and
the parameters of the CLs and open stubs. Also, the change in capacitance affects the
quality factor, which accordingly will modify the BW. Therefore, the circuit parameters
were selected to work on frequencies that realize the previously mentioned applications,
and these parameters are shown in Table 1.

Afterwards, MATLAB [40] was used to ensure the correction of the previously stated
equations. Additionally, ADS was utilized to verify the validation of the design and to
further aid in the optimization process. Figure 3 shows an illustration of the theoretical S-
parameters of the proposed design and the change in frequencies that result from changing
the capacitance of the varactor diodes. It can be seen that the increase in capacitance leads
to a decrease in operating frequencies.
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Table 1. Circuit parameters of the dual-band frequency-reconfigurable crossover.

Ze1 198 Ω Z0 50 Ω

Zo1 77 Ω Z1 65 Ω

Ze2 64 Ω θ 90 Ω

Zo2 52 Ω C (SMV1405) 0.63 pF–2.67 pF

3. Simulation

To simulate the proposed design, the physical dimensions of the ports, CLs, and open
stubs are required. These dimensions were obtained by utilizing LineCalc, which is a
tool provided in ADS. The electrical parameters of a CL are the even mode impedance,
odd mode impedance, frequency, and electrical length; they were converted to width,
length, and separation between the two lines. As for a TL, the impedance, frequency,
and electrical length are used to find the physical width and length. Then HFSS was
used to simulate and further optimize the design, especially because the position of the
varactor diode along the open stubs affects the S-parameters, resonant frequencies, and
tuning range proportion between the two bands [39]. It can be noticed that there is a
considerable difference between Ze1 and Zo1, and as previously mentioned, this can lead to
high coupling, which can negatively affect the results. This was proven when the design
was simulated. Thus, the patterned ground technique [41] was employed, and two slots
were etched at the ground plane to reduce the coupling effect. After that, the design was
simulated, and Figure 4 shows the S-parameters of the proposed design.
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When the capacitance of the varactor diodes was set to 2.67 pF, the dual-band frequen-
cies obtained were 2.09 GHz and 5.44 GHz. Then, when the capacitance was decreased, the
operating frequencies increased. Until reaching 0.63 pF, the frequencies were continuously
tuned until reaching 2.49 GHz and 5.80 GHz. The tuning range was calculated using
Equation (23). For the lower band, the tuning range is 17.5%. Whilst for the higher band,
the tuning range is 6.4%. In both bands along the whole tuning range, the insertion loss
|S31|dB is less than 1.4 dB. For the lower band, |S11|dB is above 12 dB, |S21|dB is greater than
16 dB, and |S41|dB is better than 13 dB. Going to the higher band, |S11|dB is higher than
24 dB, |S21|dB is above 13 dB, and |S41|dB is more than 20 dB.



Electronics 2024, 13, 2641 7 of 12

4. Implementation and Measurement

The proposed dual-band frequency-reconfigurable crossover was fabricated using
printed circuit board (PCB) technology. The design was accomplished by utilizing a
RO4003C substrate that has a dielectric constant (εr) of 3.55; its loss tangent (tan δ) is
0.0027; and the thickness (h) selected is 1.524 mm. As for the two varactor diodes employed
in the design, SMV1405 was chosen. The varactor diode’s equivalent circuit is shown in
Figure 5. This diode has an inductance (L) of 0.7 nH, a resistance (R) of 0.8 Ω, and its
capacitance (C) can be altered from 2.67 pF to 0.63 pF. The 2.67 pF capacitance can be
achieved as the DC biasing voltage is 0 V, and as the voltage increases, the capacitance
decreases. Once the biasing voltage reaches 30 V, the capacitance becomes 0.63 pF. The
dimensions used in the fabrication process of the proposed crossover are displayed in
Table 2. Figure 6 shows the proposed design circuit layout along with the fabricated
prototype. The size of the proposed crossover (without considering the port lines and
biasing circuits) is 45.5 mm × 29.4 mm.
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Table 2. Dimensions of the dual-band frequency-reconfigurable crossover.

wp 3.42 mm w4 3 mm l2 9.1 mm lslot 4.8 mm
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Electronics 2024, 13, x FOR PEER REVIEW 7 of 12 
 

 

decreased, the operating frequencies increased. Until reaching 0.63 pF, the frequencies 
were continuously tuned until reaching 2.49 GHz and 5.80 GHz. The tuning range was 
calculated using Equation (23). For the lower band, the tuning range is 17.5%. Whilst for 
the higher band, the tuning range is 6.4%. In both bands along the whole tuning range, 
the insertion loss |Sଷଵ|ୢ୆ is less than 1.4 dB. For the lower band, |Sଵଵ|ୢ୆ is above 12 dB, |Sଶଵ|ୢ୆ is greater than 16 dB, and |Sସଵ|ୢ୆ is better than 13 dB. Going to the higher band, |Sଵଵ|ୢ୆ is higher than 24 dB, |Sଶଵ|ୢ୆ is above 13 dB, and |Sସଵ|ୢ୆ is more than 20 dB. 

4. Implementation and Measurement 
The proposed dual-band frequency-reconfigurable crossover was fabricated using 

printed circuit board (PCB) technology. The design was accomplished by utilizing a 
RO4003C substrate that has a dielectric constant ሺε୰) of 3.55; its loss tangent ሺtan δ) is 
0.0027; and the thickness (h) selected is 1.524 mm. As for the two varactor diodes em-
ployed in the design, SMV1405 was chosen. The varactor diode’s equivalent circuit is 
shown in Figure 5. This diode has an inductance (L) of 0.7 nH, a resistance (R) of 0.8 Ω, 
and its capacitance (C) can be altered from 2.67 pF to 0.63 pF. The 2.67 pF capacitance can 
be achieved as the DC biasing voltage is 0 V, and as the voltage increases, the capacitance 
decreases. Once the biasing voltage reaches 30 V, the capacitance becomes 0.63 pF. The 
dimensions used in the fabrication process of the proposed crossover are displayed in Ta-
ble 2. Figure 6 shows the proposed design circuit layout along with the fabricated proto-
type. The size of the proposed crossover (without considering the port lines and biasing 
circuits) is 45.5 mm × 29.4 mm. 

 
Figure 5. SMV1405 varactor diode equivalent circuit (R = 0.8 Ω, L = 0.7 nH, C = 0.63 pF − 2.67 pF). 

Table 2. Dimensions of the dual-band frequency-reconfigurable crossover. 𝒘𝒑 3.42 mm 𝒘𝟒 3 mm 𝒍𝟐 9.1 mm 𝒍𝒔𝒍𝒐𝒕 4.8 mm 𝒘𝟏 0.5 mm 𝒘𝒔𝒍𝒐𝒕 9.53 mm 𝒍𝟑 4 mm 𝒈𝟏 0.4 mm 𝒘𝟐 2.5 mm 𝒍𝒑 19.93 mm 𝒍𝟒 9 mm 𝒈𝟐 1.2 mm 𝒘𝟑 0.8 mm 𝒍𝟏 20.56 mm 𝒍𝟓 1.5 mm 𝑹𝒃𝒊𝒂𝒔 30 kΩ 
 

  
(a) (b) 

Figure 6. The proposed design: (a) circuit layout; (b) fabricated prototype.

Measurements of the fabricated dual-band frequency-reconfigurable crossover were
conducted via a network analyzer. Figure 7 shows the S-parameters (|S11|dB, |S21|dB, |S31|dB,
and |S41|dB) and their variation along the alternation of the varactor diode’s capacitance.
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and |S31|dB; (b) |S21|dB and |S41|dB.

Tables 3 and 4 show a summary of the capacitance, operating frequencies, and obtained
S-parameters at the low-frequency band and at the high-frequency band, respectively. The
capacitance of the two varactor diodes is changed by altering the biasing voltage from 0 V,
which gives 2.67 pF, to 30 V, which corresponds to 0.63 pF.

Table 3. Measurement results for the low-frequency band of the proposed crossover.

C (pF) fL (GHz) |S11|dB |S21|dB |S31|dB |S41|dB

2.67 2.06

<−15

−20 −1 −17

1.4 2.15 −16.5 −0.95 −17.2

1.12 2.23 −19 −1.02 −17.3

0.88 2.31 −24 −1.12 −16.6

0.63 2.4 −20 −1.11 −15

Table 4. Measurement results for the high-frequency band of the proposed crossover.

C (pF) fH (GHz) |S11|dB |S21|dB |S31|dB |S41|dB

2.67 5.44

<−20

−17 −1.6 −17.3

1.4 5.54 −20 −1.57 −17

1.12 5.64 −19 −1.56 −18.7

0.88 5.74 −16 −1.58 −18.5

0.63 5.84 −15 −1.59 −17.5

The measurement of the fabricated dual-band frequency-reconfigurable crossover
showed tunable frequency bands starting from 2.06 GHz to 2.40 GHz and from 5.44 GHz
to 5.84 GHz. As for the return loss of the proposed design, it shows better performance
in the high band compared to the lower band. |S11|dB was found to be greater than 15 dB
for the lower band and more than 20 dB for the higher band. In contrast, the insertion loss
was better at the lower band. |S31|dB was below 1.12 dB at the lower band, while it reached
1.6 dB at the higher band. In both cases, the isolation was above 15 dB. Regarding the
tuning range for both the lower and higher bands, it has been calculated using Equation (23)
and found to be 15.3% and 7.1%, respectively.
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The overall performance of the fabricated prototype is in agreement with what was
anticipated from the theoretical analysis and HFSS simulation. Also, the measurement
results are approximately the same as those obtained from the simulation. Figure 8 shows
a comparison between the S-parameters found from simulation and those obtained from
measuring the fabricated prototype for five different capacitance values. The small discrep-
ancies between the results can be due to fabrication and measurement errors, material loss,
and the soldering of the varactor diodes, which can lead to additional losses.
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Table 5 shows a comparison between the aforementioned published designs and the
proposed dual-band frequency-reconfigurable crossover. The table compares insertion
loss, return loss, isolation, covered frequency bands, tuning range, size, and the ability to
resonate at single or dual frequencies.

It can be noted that [25–28] presented a tunable crossover design, but it is valid for only
a single frequency. While in [22–24], their designs show a dual-band response achieved
using CLs, the two frequencies are fixed. Accordingly, the only design that can realize both
frequency reconfigurability and dual-band response is the proposed design.
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Table 5. Comparison between the proposed crossover and published designs.

Reference Single-/
Dual-Band

Frequency
(GHz) Tuneability Tuning

Range (%) |S11|dB |S21|dB |S31|dB |S41|dB Size

[22] Dual 0.82
1.31 No - >20 >20 <0.65 >20 150 mm × 100 mm

[23] Dual 1.04
2.99 No - >20 >20 <1.3 >20 0.35λg× 0.17λg

[24] Dual 1.31
2.69 No - >18 >20 <1.25 >20 105 mm × 45 mm

[25]
Design 1 Single 1.63 to 1.93 Yes 15.8 >17.9 >21.1 <0.57 >28.5 Not reported

[25]
Design 2 Single 1.41 to 2.05 Yes 36.9 >17.4 >26.1 <0.90 >17.9 Not reported

[26] Single 2.07 to 2.75 Yes 28.5 >15 >22 2.42 >22 0.34λg× 0.34λg

[27] Single 1.29 to 2.06 Yes 46 >20 >20 < 1.22 >20 0.25λg× 0.04λg

[28] Single 2.2 to 5 Yes 78 >19 >15 < 1.97 >15 0.25λg× 0.11λg

This Work Dual 2.06 to 2.4
5.44 to 5.84 Yes 15.3

7.1
>15
>20

>16.5
>15

<1.12
<1.6

>15
>17 45.5 mm × 29.4 mm

5. Conclusions

In this paper, a planar crossover based on CLs and open-ended stubs has been pre-
sented. It introduced a crossover design that combined two desired aspects that had not
been previously recorded. These two aspects are the dual-band response and the continued
tunability of the two frequency bands. For the presented crossover, even–odd analysis, opti-
mization of circuit parameters, simulation, fabrication, and measurements were conducted.
As to the fabrication process, RO4003C (εr = 3.55) with a height of 1.524 mm was used for
manufacturing the crossover using printed circuit board (PCB) technology. Eventually, a
crossover capable of sweeping the two operating frequencies from 2.06 GHz to 2.40 GHz
and from 5.44 GHz to 5.84 GHz was realized. This was accomplished through the employ-
ment of four CLs and two open-ended stubs connected through two SMV1405 varactor
diodes. The change in the applied biasing voltage from 0 V to 30 V led to an alteration of the
varactor diodes’ capacitance from 2.67 pF to 0.63 pF. Consequently, tuning ranges of 15.3%
and 7.1% for the low- and high-frequency bands, respectively, were attained. Also, the
patterned ground technique was employed in the design to reduce the coupling effect. As a
result, good performance in terms of insertion loss, return loss, isolation, rejection between
the two frequency bands, frequency ratio, and size were demonstrated. In addition, the
results obtained from both the simulation and measurements showed good agreement.
Also, by changing the design parameters, the proposed crossover can operate at different
frequencies to satisfy variant applications. As to the fabricated crossover, it can be used for
WiMAX (2.3 GHz and 5.8 GHz) and IEEE 802.11 WLAN (2.4 GHz and 5.725 to 5.82 GHz)
applications. Also, further work can be performed to enhance the presented design, such
as using folded lines to reduce the crossover size, selecting a dielectric substrate with better
specifications to reduce losses, and employing MEMS instead of varactor diodes.
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