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We propose a new method to design crossovers 

by employing an embedded homogeneous cylindri‐

cal lens (HCL). Compared with traditional crossover 

designs, this strategy introduces an HCL within the 

air-filled substrate-integrated waveguide (SIW) cross‐

over cavity to direct the incident waves in the desired 

direction. According to ray-tracing analysis, the added 

HCL can efficiently concentrate the electromagnetic 

wave propagating from the input to the output with‐

out increasing the fabrication complexity or footprint. 

The operating mechanism of this method is elaborated 

in detail, and is further verified by E-field distribu‐

tions. Using the air-filled SIW technology, two-, three-, 

and four-channel crossovers operating at the millimeter-

wave are developed and fabricated to demonstrate the 

practical feasibility of the proposed method. Some 
transitional structures are designed for experimental 
purposes. It is found that the simulated fractional band‐
widths (FBWs) related to two-, three-, and four-channel 
air-filled SIW crossovers are 33%, 14%, and 10%, 
respectively; the dimensions of their core areas are 
0.74λ×0.74λ, 1.43λ×1.43λ, and 1.90λ×1.90λ, respec‐
tively. Comparisons between our method and similar 
approaches in the literature illustrate the advantages 
of our method.

1  Introduction

Couplers are passive components for phase and 
amplitude allocations between multiple paths (Xu et al., 
2011; Niu et al., 2021). Crossovers are referred to as a 
0-dB coupler, which enables multiple transmission lines 
or signal channels to geometrically intersect with each 
other while maintaining satisfactory isolation among 
these paths. With the development of microwave and 
millimeter-wave radio frequency circuits and integrated 
circuits towards greater compactness and versatility, 
crossovers inevitably play an increasingly important 
role as they can effectively address multiple intersec‐
tion issues (Yao et al., 2011). Taking the Butler matrix 
(which is a popular feeding network in multibeam an‐
tenna designs) as an example, crossovers are required to 
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connect the couplers and phase shifters, so as to achieve 
the desired phase gradient (Lian et al., 2018, 2019).

Most reported crossovers operating at the micro‐
wave frequency are based on microstrip technology 
because of its merits of planar structure and ease of 
integration (Feng et al., 2016; Jiao et al., 2018; Tajik 
et al., 2018; Yu and Sun, 2019). Recently, millimeter-
wave and terahertz applications have attracted great 
interest due to the higher availability of unallocated 
frequency spectrum resources. In this situation, some 
close or quasi-close structures are preferable in cross‐
over designs, which include waveguide (Cheng et al., 
2021), substrate-integrated waveguide (SIW) (Djerafi 
and Wu, 2009; Hesari and Bornemann, 2017; Sun 
et al., 2020; Qi et al., 2021), and printed ridge gap 
waveguide (Ali and Sebak, 2018).

Traditional crossovers usually comprise four ports 
and deal with the intersections between two channels. 
As the circuit complexity increases, intersections among 
more than two channels appear and they should be taken 
into account in circuit designs. One feasible alternative 
is to cascade multiple two-channel crossovers. For 
instance, three two-channel crossovers can be combined 
into a three-channel crossover, or six two-channel cross‐
overs can cooperatively build a four-channel crossover. 
However, apparently too many two-channel crossovers 
are required and cascaded in these cases, which can lead 
to larger sizes and increased losses (Li and Luk, 2016).

Facing this issue, the design of crossovers deal‐
ing with more than two channels simultaneously has 
become a significant and challenging research topic. 
Tang and Chuang (2015) used double rings in the 
microstrip to construct a three-channel crossover, which 
was later extended to a four-channel crossover (Chu 
and Tang, 2018). Wu et al. (2014) proposed a different 
three-channel crossover by using lumped inductors. 
Subsequently, a microstrip three-channel crossover with 
the filtering property was developed (Wu and Mao, 
2016). However, for reasons explained above, these 
crossovers in the microstrip technology are not suit‐
able for millimeter-wave or above millimeter-wave 
applications.

Some crossovers have been proposed that use close 
or quasi-close transmission lines. Using a cavity for 
excitation TE011, TE101, and TM110 modes (Lin et al., 
2019), a three-channel waveguide filtering crossover 
was reported at the expense of a large size. Lian et al. 

(2020) designed a four-channel crossover using SIW 
technology by adding a power divider to each port, 
which eventually led to a larger footprint. When resort‐
ing to TE102 and TE201 modes, four-, five-, and six-
channel SIW filtering crossovers have been realized. 
To support the TE102 and TE201 modes simultaneously, 
the whole design is formed by cascaded rectangular 
cavities, while it suffers from a relatively large foot‐
print (Zhan et al., 2020; Zhou and Wu, 2020).

Given the state-of-the-art development of cross‐
overs, a new method to design air-filled SIW cross‐
overs using an embedded homogeneous cylindrical 
lens (HCL) was proposed by Geng et al. (2022). In 
previous studies, HCLs (two-dimensional case) or 
homogeneous spherical lenses (three-dimensional case) 
have been widely applied and explored in antenna 
designs (Bekefi and Farnell, 1956; Gunderson, 1972; 
Schoenlinner et al., 2002; Boriskin et al., 2008; Costa 
et al., 2009; Zhang et al., 2011). As for the antenna 
design, the introduced HCL enables the conversion from 
spherical or cylindrical wave to planar wave, so that a 
high-directivity radiation can be achieved. Meanwhile, 
the feasibility of such lens in crossover designs is still 
questionable. In the proposed crossover design, the 
introduced HCL helps concentrate the electromagnetic 
wave and suppress the wave scattering within the air-
filled SIW crossover cavity. Compared with previously 
published designs, the proposed method has mainly 
three salient merits. Firstly, this method drills an air-
filled area to build an HCL without increasing the 
crossover footprint. Secondly, it is applicable to the 
two-channel crossover and can be extended to three-, 
four-channel crossovers, etc. Thirdly, it can be applied 
in single-layer SIW technology, which serves as an 
attractive candidate for low-loss and highly-integrated 
millimeter-wave applications.

2  Air-filled SIW crossover design

2.1  Operation principle

Fig. 1 depicts the topology of the proposed method 
for two-, three-, and four-channel crossovers. For the 
simplest case, it is composed of four ports (two chan‐
nels). Different from traditional crossover designs, an 
extra HCL is inserted at the intersection. As a result, 
the electromagnetic wave coming from port 1 as an 
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example will exclusively propagate toward port 3, 
while satisfactory isolation is observed between port 
1 and port 2 (port 4). This two-channel topology can 
be extended to three- and four-channel cases by adjust‐
ing the diameters of the crossover cavity and the inserted 
HCL.

Fig. 2a describes the design parameters from 
both the top view and side view. The width of the 
open air-filled SIW is denoted by w and the thickness 
of the substrate is h; a is the radius of the HCL, while 
r0 is the distance between the input air-filled SIW and 
the center of the HCL. The relative dielectric con‐
stants inside and outside the HCL are indicated by εr2 
and εr1, respectively.

To further reveal the operation mechanism of the 
proposed method, the ray-tracing analysis of the cross‐
over with HCL is displayed in Fig. 2b. Lian et al. (2020) 
demonstrated that concentrating the incoming electro‐
magnetic wave is an effective method to design cross‐
overs, which introduces a power divider at each port, 
so that the electromagnetic wave is concentrated. At 
the same time, the added power dividers lead to a 
larger footprint. In contrast, the proposed topology with 
an embedded HCL has the merit of better compact‐
ness, which is an alternative to concentrating the elec‐
tromagnetic wave. In this case, the ray escaping out 

of the HCL should be parallel to the x-axis, as shown 
in Fig. 2b. In contrast, when designing a crossover, 
each ray encountering two refractions is expected to 
arrive at the position mirrored to the source point, as 
shown in Fig. 2b.

The above is a brief description of the operation 
mechanism of the proposed method, and a more detailed 
description can be found in Section 1 of the supple‐
mentary materials. More details about this result can 
be found in (Gunderson, 1972).

To give a clearer view of the impact brought by the 
HCL, we compute the model using the High-Frequency 
Structure Simulator (HFSS) and show the E-field dis‐
tribution, and the results contains two open air-filled 
SIWs with or without an HCL. As depicted in Figs. 3a 
and 3b, it is observed that the E-field is bound in 
the HCL and most of the incoming energy propagates 
toward the other port. In contrast, if the HCL was 
removed, the energy would scatter outward and severe 
energy leakage would appear.

2.2  Design process

Derived from the abovementioned topology, a 
two-channel air-filled SIW crossover is designed, as 

Fig. 2  Design parameters of the HCL (a) and ray-tracing 
analysis of the crossover with HCL (b)
Fig. 2a is reprinted from Geng et al. (2022), Copyright 2022, 
with permission from IEEE

Fig. 1  Topologies of two-channel (a), three-channel (b), 
and four-channel (c) crossovers
Fig. 1a is reprinted from Geng et al. (2022), Copyright 2022, 
with permission from IEEE
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shown in Fig. 4a, where a1 is the radius of the HCL of 
the two-channel crossover, d1 is the distance between 
the centers of two adjacent metal holes, and d2 is the 
diameter of the metal holes. The first step of the design 
procedure is to determine the relative dielectric con‐
stants inside and outside the HCL. To simplify the fab‐
rication, an air-filled area is built by drilling the sub‐
strate. In this way, one can obtain an interface between 
two materials within a single substrate. Here, a Rogers 
RT/duroid 5880 substrate with a thickness of 0.787 mm 
is applied. Then, we have εr1=1.0 and εr2=2.2. Secondly, 
the width of the open air-filled SIW w should be large 
enough to support the dominant mode within the inter‐
ested frequency spectrum. In this work, w=7.2 mm is 
chosen. Then, one open air-filled SIW should be dupli‐
cated to four and placed clockwise to build a closed 

cavity. Finally, an HCL is inserted at the center and its 
diameter is optimized to achieve the minimum reflec‐
tion and isolation.

The E-field distribution of the designed two-
channel crossover at 30 GHz is displayed in Fig. 4b, in 
which a crossed transmission is observed. The simu‐
lated S-parameters of the designed two-channel cross‐
over are plotted in Fig. 4c, where S11 is the reflection 
coefficient of port 1, S21 is the isolation coefficient of 
port 1 and port 2, and S31 is the isolation coefficient 
of port 1 and port 3. From 25.8 to 38.3 GHz, the reflec‐
tion coefficient and the isolation coefficients are lower 
than −15 dB, indicating a fractional bandwidth (FBW) 
of 39%. Within this frequency range, the insertion loss 
varies from 0.1 to 0.5 dB.

To describe the design process more clearly, para‐
metric study is given in Section 2 of the supplementary 
materials. In the above, the design details of the two-
channel air-filled SIW crossover have been elaborated. 
Interestingly, the proposed method can be directly ex‐
tended to crossovers with more channels. As shown in 
Fig. 5a, a three-channel air-filled SIW crossover is 
designed using the proposed topology. Since the design 
process and operation principle are similar to those in 
the two-channel case, only the final model and simula‐
tion results are provided here. The E-field distribution 
at 34 GHz is displayed in Fig. 5b, in which a cross-
passing property is observed. The optimal S-parameters 
are plotted in Fig. 5c. Due to the symmetry of the configu‐
ration, S51 and S61 are omitted. From 31.9 to 36.6 GHz, 
both the reflection and isolation coefficients are less 
than −15 dB; i.e., the FBW is 14%. Within this frequency 

Fig. 4  Simulated HFSS model (a), E-field distribution (b), and S-parameters (c) of the two-channel SIW crossover (d1=
0.80 mm, d2=0.40 mm, a1=2.00 mm, and w=7.20 mm)
Reprinted from Geng et al. (2022), Copyright 2022, with permission from IEEE

Fig. 3  E-field distribution with (a) and without (b) HCL 
at 30 GHz (T is the period of the electromagnetic field)
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range, the minimum and maximum transmission losses 
are 0.1 dB and 0.7 dB, respectively.

Similarly, a four-channel counterpart is designed 
(Fig. 6a), and its E-field distribution is shown (Fig. 6b). 
Indicated by the S-parameters in Fig. 6c, the FBW is 
7.5% (32.0 to 34.5 GHz). The minimum insertion loss 
is 0.2 dB, while the maximum insertion loss is 0.7 dB.

3  Results and discussion

3.1  Simulation and measurement

For the experiments, transitions from SIW to air-
filled SIW and coplanar waveguide (CPW) to SIW are 
designed, as shown in Fig. 7a (Parment et al., 2015). The 
simulated reflection and transmission coefficients are 
plotted in Fig. 7b. From 25.9 to 41.6 GHz, the reflec‐
tion coefficient is below −15 dB, corresponding to a 

maximum insertion loss of 0.8 dB and a minimum inser‐
tion loss of 0.4 dB. The fabricated prototypes of the 
two-, three-, and four-channel air-filled SIW crossovers 
are shown in Fig. 8. The interior, top, and bottom views 
are illustrated in Figs. 8a–8c. Two aluminum plates 
are added on the top and bottom of the substrate to 
act as ground planes. The design parameters of the 
crossover are listed in Table 1.

To describe the experimental results more clearly, 
an analysis based on the simulated and measured results 
of the crossovers is given in Section 3 of the supple‐
mentary materials for a detailed description. It can be 
concluded that the largest difference between the sim‐
ulation and the measurement is in the insertion loss, 
about 1.7 dB. This discrepancy comes mainly from the 
insertion loss of the connectors, that of the connection 
between the connectors and the CPW, and the fabrica‐
tion tolerance. The additional insertion loss mentioned 

Fig. 6  Simulated HFSS model (a), E-field distribution (b), and S-parameters (c) of the four-channel SIW crossover (a3=
4.00 mm, w=7.20 mm)
a3 is the radius of the HCL of the four-channel SIW crossover, and S51 is the isolation coefficient of port 1 and port 5

Fig. 5  Simulated HFSS model (a), E-field distribution (b), and S-parameters (c) of the three-channel SIW crossover (a2=
2.10 mm, w=7.20 mm)
a2 is the radius of the HCL of the three-channel SIW crossover, and S41 is the isolation coefficient of port 1 and port 4
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above can be calibrated by using a thru-reflect-line 
(TRL) calibration to correct the effects of connectors 

and transitions, to correct characterize the demonstrator. 
The details of the calibration process are demonstrated 
in Doghri et al. (2015).

3.2  Discussion

The comparisons between the proposed air-filled 
SIW crossovers and similar designs with two or more 
channels are summarized in Tables 2 and 3, respec‐
tively. It is concluded that using microstrip line can 
build extraordinarily compact two-channel crossover 
(Tajik et al., 2018). However, the microstrip line as 
an open structure would lead to increased loss operat‐
ing at higher frequencies. Considering designs in the 
literature (Djerafi and Wu, 2009; Hesari and Borne‐
mann, 2017; Ali and Sebak, 2018; Sun et al., 2020), 
it is noted that all of them suffer from relatively small 
bandwidth and large footprint when using either SIW 
or printed ridge gap waveguide technology. This brings 
the advantage of the proposed method in two-channel 
crossover designs; that is, the two-channel air-filled 
SIW crossover has a large FBW of 33% in the simu‐
lation and a reduced size of 0.74λ×0.74λ (λ is the free-
space wavelength at the center frequency). For fair com‐
parisons, the FBW result is extracted from the com‐
plete model in the simulation including the SIW cross‐
over and the transitions from air-filled SIW to CPW, 
and the size is related to the coupling area, which is 
surrounded by the open air-filled SIWs.

Table 3 describes crossovers with more than two 
channels. It can be seen that using a microstrip can build 
similar compact crossovers (Wu et al., 2014; Tang and 
Chuang, 2015; Chu and Tang, 2018). However, SIW 
technologies usually suffer from a larger footprint 
(Lian et al., 2020; Zhou and Wu, 2020). The designed 
three- and four-channel crossovers effectively reduce 
the occupied areas while maintaining sufficient FBWs.

Fig. 7  Simulated HFSS model (a) and S-parameters (b) of 
the transition
d3–d13 represent the sizes of the transition from SIW to air-filled 
SIW and coplanar waveguide to SIW within the HFSS model

Fig. 8  Interior (a), top (b), and bottom (c) views of the 
fabricated prototypes (two-channel, three-channel, and 
four-channel crossovers from left to right)

Table 1  Design parameters and values

Parameter
d1

d2

d3

d4

d5

d6

d7

d8

d9

Value (mm)
0.80
0.40
5.20
0.10
1.80
0.80
3.00
3.60
1.00

Parameter
d10

d11

d12

d13

a1

a2

a3

w
h

Value (mm)
6.40
7.80
6.90
7.20
2.00
2.10
4.00
7.20

0.787
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4  Conclusions

In this work, a new method of crossover designs 
is presented by introducing an HCL in the middle of 
the air-filled SIW crossover cavity. According to ray-
tracing analysis, the introduced HCL can concentrate 
and direct the electromagnetic wave in the desired 
direction and suppress the scattering within the cavity. 
Two-, three-, and four-channel air-filled SIW crossovers 
are designed and fabricated successively to demonstrate 
the feasibility of the proposed method. The corre‐
sponding FBWs of these cases in the simulation are 
33%, 14%, and 10%, separately. The dimensions of 
their core areas are only 0.74λ×0.74λ, 1.43λ×1.43λ, 
and 1.90λ×1.90λ, separately. Compared with similar 
approaches, the designed crossovers show the merits 
of simple structure, compactness, and wide FBWs.
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