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Abstract—In this paper, a novel substrate integrated waveguide
(SIW) to substrate integrated coaxial line (SICL) transition using the
3 dB SIW power divider (PD) and SIW 180◦ phase shifter (PS) is
proposed. The SIW-to-SICL transition realizes the easy integration of
SIW, SICL, and active device in the same microwave communication
system based on the substrate-integrated technology (SIT). To validate
the design concept, the prototype has been fabricated and measured.
Measurements are in good agreement with simulations, and shows that
the SIW-to-SICL transition features ultra-low insertion loss lower than
0.25 dB and with a fractional bandwidth over 10%.

1. INTRODUCTION

Substrate integrated waveguide (SIW) and substrate integrated coaxial
line (SICL) are becoming more and more popular [1, 2], and substrate-
integrated technology (SIT) represents an emerging and promising
candidate for the development of components and circuits operating
in the microwave and millimeter-wave or terahertz region [3–9]. As
shown in Fig. 1, SIW structure is fabricated by two rows of metallic
via holes in a dielectric substrate, which connect two grounded parallel
metal plates, and permit the implementation of conventional metallic
rectangular waveguide in planar circuit form [1]. SIW have many
advantages, including easy fabrication and low cost compared with
conventional metallic rectangular waveguide [3, 4]. The fundamental
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mode of the SIW is the dispersion mode TE10, and it is not convenient
for integrating with other active devices. As shown in Fig. 2,
SICL is a shielded planar coaxial transmission line, comprising a
conductive stripline sandwiched between the two grounded dielectric
layers and side-limited by two rows of metallic via holes, which is
used to keeping it away from lateral leakage, cross-talk and the
propagation of the unwanted parallel-plate mode [6]. Because of the no-
dispersive fundamental mode TEM, SICL has a broadband of single-
mode operation for the design of ultra-wideband and miniaturization
microwave components and circuits [7, 8]. Moreover, SICL can enhance
the directivity of the couplers without changing the configuration of
the coupled-SICL [9]. SIW is a high-pass system for the TE10 mode
cutoff frequency property. However, SICL is a low-pass system, and
the highest frequency of the SICL single-mode operation bandwidth
equals the cut-off frequency of the first upper mode TE10, which can
be adjusted by changing the distance between two via holes.

At present, many SIW passive components have been studied,
such as filters [10–12], power dividers [13], phase shifters [14, 15],
diplexers [16], antennas [17, 18], and so on. However, active SIW
circuits are hardly ever used. This is mainly due to the difficulties
in the integration of the active devices. Transitions from SIW
to other quasi-TEM lines are generally used to overcome this
problem, and see for instance the oscillator proposed in [19] or

Figure 1. Structures and the fundamental mode TE10 of SIW.

Figure 2. Structures and the fundamental mode TEM of SICL.
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the low noise amplifier presented in [4]. Due to the radiation
loss, SIW-to-quasi-TEM transmission line transition such as SIW-to-
microstrip line (MS) transition [1], SIW-to-coplanar waveguide (CPW)
transition [20], and SIW-to-conductor backed coplanar waveguide
(CBCPW) transition [21] may damage the signal integrity and produce
signal interference in the circuits and systems operating in microwave
or millimeter wave bands. The SIW-to-SICL transition combines the
advantages of SIW and SICL in one microwave substrate-integrated
active or passive circuits and systems at the same time. Moreover,
SIW-to-SICL transition is suitable for multilayer circuit structures
such as low temperature co-fired ceramic (LTCC). The transition
converts the TE10 fundamental mode in SIW to TEM fundamental
mode in SICL smoothly, and ensures that other unwanted high-order
mode is not excited around the discontinuity region at the same time.
However, there are no papers that report such a transition to the
best of our knowledge. In this paper, a novel SIW-to-SICL transition
based on the SIW 3 dB power divider (PD) [10] and SIW 180◦ phase
shifter (PS) [15] is proposed. The SIW-to-SICL transition with centre
operating frequency of 7GHz is constructed, fabricated, and measured.
The microstrip line to SIW (MS-to-SIW) transition, SICL-to-CBCPW
transition [9], and SMA connectors are employed for measurement
conveniently. The measurement results and simulation results of the
SIW-to-SICL transition are in good agreement and verify our proposed
idea. The measured return loss is better than 15 dB and the insertion
loss is lower than 0.25 dB from 6.70 to 7.42GHz with a fractional
bandwidth of over 10%. The SIW-to-SICL transition realizes the easy
integration of SIW, SICL, and active device in the same microwave
communication system based on the SIT.

2. THE DESIGN AND PRINCIPLE OF THE
SIW-TO-SICL TRANSITION

Structures of the proposed SIW-to-SICL transition are shown in Fig. 3.
The input port of the transition is SIW on the left side, and the distance
between its two rows of metallic cylinders is W1. The output port of the
transition is SICL on the right side. The width of the center conductive
stripline of the SICL is W4, and the distance of the side-limited two
rows of metallic cylinders is W5. Seen from Fig. 3(a), the proposed
transition is composed of two parts: SIW 3dB PD and SIW 180◦ PS.
The SIW 3dB PD locates at cross-sectional BB’ marked in Fig. 3(b),
consisting of two substrate layers with a conductor plane inserted in
the middle of the structure. The SIW 180◦ PS with length L0 in the
region from the starting point at cross-sectional BB’ to the end point
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Figure 3. The structures of the proposed SIW-to-SICL transition.
(a) The 3D view. (b) The top and the lateral view.

Figure 4. The electric field distributions at the cross sections AA’,
BB’, CC’, and DD’ marked in Fig. 3(b).

at CC’ is composed of the lower and upper SIW with different widths
W1 and W2, which are separated by the middle metal plane. For the
transmission performance enhancement to the transition, the tapered
structure with length L1 in the region from the cross-sectional CC’ to
the DD’ is employed, and this smooth transition ensures the field and
impedence matching between SIW 180◦ PS output port and SICL in
the broad bandwidth.

As illustrated in Fig. 3, the SIW-to-SICL transition is
implemented in a bilayer dielectric substrate with three metallic layers:
top layer, middle layer, and bottom layer. The inner conductor is
realized on the middle metallic layer, and the ground is comprised
by the top and bottom metallic layers. Each substrate has a same
thickness of h, and thickness of the whole converter is H = 2h. The
diameter of the metallic cylinders is D and the period of the side
limited metallic cylinders is S in the propagation direction of the
electromagnetic wave.

Figure 4 gives the four cross-sectional views of electric field
distributions at AA’, BB’, CC’, and DD’ marked in Fig. 3(b)
respectively, which demonstrates the operation principle and the
conversion process of the proposed SIW-to-SICL transition. Firstly,
the electric field in the SIW is TE10 mode at AA’, which is the
fundamental mode of SIW as shown in Fig.1. Secondly, the SIW 3 dB
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PD at BB’ splits this TE10 field into two ways of same-direction SIW
TE10 field, which excite the upper and lower SIW at SIW 180◦ PS input
port, respectively. Thirdly, SIW 180◦ PS converts the same-direction
fields at BB’ into the reverse-direction fields at CC’, which have 180
degree phase difference output. After linearly tapered transforming
from CC’ to DD’, the TEM mode is excited at DD’ in SICL finally.
Seen from the conversion process of the SIW-to-SICL transition in
Fig. 4, SIW 3 dB PD and SIW 180◦ PS are the key components in it.

If the SIW 180◦ PS length L0 satisfies the equation of

∆ϕ = [β1(W1)− β2(W2)] · L0 = π (1)

the phase difference of π between the fields in the upper and lower
parts of the SIW 180◦ PS output can be obtained, and achieve the
reverse-direction fields at CC’ as shown in Fig. 4. In (1), β1(W1) and
β2(W2) are the propagation constants of the TE10 mode in the lower
and upper SIW, which width are W1 and W2, respectively.

The fundamental mode of the SIW is TE10 mode, and the
dispersion characteristics are equivalent to those of a related
rectangular waveguide with an equivalent width. We assume that the
width between the two rows of metallic cylinders of the SIW is W , the
diameter of metalized via hole is D, and the space between adjacent via
hole is S. The equivalent width of the SIW is written as follows [22]:

Weff = W − 1.08 · D2

S
+ 0.1 · D2

W
(2)

Therefore, the propagation constant of the SIW can written as

β(W ) =

√
ω2µε−

(
π

Weff

)2

(3)

From (2) and (3), the propagation constant β is determined by the
width W of SIW completely for given D, S, ω, ε, and µ. The
propagation constant β of SIWs with different width W are shown
in Fig. 5, which are obtained with the aid of Ansys High Frequency
Structural Simulator (HFSS) 14.0.

Similar to the conventional metallic rectangular waveguide, SIW
has cut-off frequency for the fundamental mode TE10 as follows:

fTE10 =
c

2Weff · √εr
(4)

where εr is the relative dielectric permittivity and c the light speed.
The selection of the operation frequency bandwidth should keep the
SIW operating in the fundamental mode TE10. In other words, the
operation frequency of the SIW must satisfy the condition: fTE10 <
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Figure 5. The propagation constant β of SIWs with different width.

Figure 6. The length L0 and the phase difference of the SIW 180◦
PS.

f < fTE20 , and fTE20 is the cut-off frequency of the first high-order
mode TE20 as follows:

fTE20 =
c

Weff · √εr
(5)

As a special case, the centre operation frequency is set to be 7 GHz.
The width of the lower and upper parts of the SIW 180◦ PS are chosen
as W1 = 22 mm and W2 = 15 mm, and the relationship between the
length L0 and the frequency for the condition: ∆ϕ = π in (1) is shown
in Fig. 6. The length L0 of the SIW 180◦ PS equals 39.6 mm for
the centre frequency of 7 GHz, and the phase difference ∆ϕ decreases
against the frequency increasing is given in Fig. 6, too.
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Figure 7. The lateral view of the multilayer board structure.

Table 1. Design parameters of the SIW-to-SICL transition
(unit: mm).

Dimensions W1 W2 W3 W4 W5 W6 W7 W8 W9

Values 22 15 3.8 0.9 4.4 3.6 10 3.4 2.5
Dimensions L0 L1 L2 L3 D D0 S G

Values 46 7.6 10.2 16.2 1 0.9 1.8 0.6

3. FABRICATED SIW-TO-SICL TRANSITION AND
MEASUREMENT

To validate the concept of the design, a prototype of the SIW-to-SICL
transition was designed at the centre frequency of 7 GHz. In the design,
both the top and bottom dielectric layers are Rogers 4350B with a
dielectric constant of 3.48 and a loss tangent of 0.0037. The thickness of
each substrate has a thickness of h = 0.762 mm and each metallic layer
has a thickness of 0.035mm. A 0.102 mm thick sheet with a dielectric
constant of 3.48 and a loss tangent of 0.004 is used for bonding the
top and bottom dielectric layers. The thickness H of the fabricated
SIW-to-SICL transition is H = 1.7mm approximately and the lateral
view of the multilayer board structure is shown in Fig. 7.

The SIW-to-SICL transition was simulated and optimized with the
aid of HFSS 14.0. The 3D view and the layouts of the proposed SIW-to-
SICL transition are shown in Fig. 8, and the final optimized dimensions
of the transition are listed in Table 1. It should be mentioned that the
optimized length L0 = 46 mm of the SIW 180◦ PS is longer than the
length L0 = 39.6 mm has designed in Section 2. The employed width
between the two rows of metallic cylinders tapered structure in the
SIW 180◦ PS led to this deviation. For measured conveniently, the
MS-to-SIW transition and SICL-to-CBCPW transition are employed.
The photograph of the fabricated transition is given in Fig. 9, and the
S-parameters were measured by an Agilent vector network analyzer
5230C.

The simulation and measurement S-parameters of the fabricated



256 Liu et al.

(a) (b)

Figure 8. The structures of the SIW-to-SICL transition. (a) The 3D
view. (b) The layouts.

Figure 9. The photograph of the fabricated SIW-to-SICL transition.

transition are shown in Fig. 10, and we can observe the good
performance of the transition. The measured return loss (|S11|) is
better than 15 dB and insertion loss (|S21|) of the transition lower than
1.4 dB, from 6.70 to 7.42 GHz with a fractional bandwidth of over 10%.
The measurement and simulation results fit very well except that the
measured insertion loss |S21| displays between 0.3 and 0.65 dB of extra
loss compared with the simulated insertion loss in band in Fig. 10. The
extra insertion loss was caused by the two SMA connectors, which was
employed in the measurement but not considered in the simulation. It
can be obtained that the insertion loss of the SICL-to-SIW transition
is lower than 0.25 dB in the passband, in view of the insertion loss
caused by the parts of each SAM connector, MS-to-SIW transition
and SICL-to-CBCPW transition are 0.3 dB, 0.3 dB, and 0.25 dB at the
centre frequency 7 GHz we are measured, respectively.
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Figure 10. Measured and simulated S-parameters of the fabricated
transition.

4. CONCLUSIONS

In this paper, the SIW-to-SICL transition using the 3 dB SIW PD and
SIW 180◦ PS is proposed, designed, and fabricated. The prototype has
been fabricated on a bilayer PCB substrate. The measurement and
simulation results are in good agreement, and validate the concept
of the transition design. The measured return loss is better than
15 dB and insertion loss lower than 0.25 dB, from 6.70 to 7.42 GHz
with a bandwidth of over 10%. This design enhances the compatibility
of SIW and SICL in the microwave communication system based on
SIT. Moreover, the transition reduces the integration difficulty between
SIW and active devices. Therefore, such a transition is an excellent
candidate in the development of passive or active microwave and
millimeter-wave integrated circuits. Further work can be implemented
along the wideband and ultra-wideband SIW-to-SICL transition.
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