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ABSTRACT Substrate integrated waveguides (SIW) are a topic of interest for many researchers, due to
their power handling capabilities and compatibility with planar processing techniques. These advantages
make this technology an attractive candidate for fifth generation of cellular networks applications (5G). Thus,
transitions from more common planar technologies to SIW have been designed to obtain a good performance.
Several techniques have been used in these transitions, from the use of via holes as probes to the inclusion of
lumped elements. We propose the use of cascaded linear tapers as a multistep transition in order to obtain a
better performance, optimizing the designs for the 5G n258 band. As result, several transition configurations
are optimized, measured and compared to simulations. The design process is performed using an heuristic
approach, by just increasing the number of iterations. The optimization of sixteen transition topologies (four
different configurations, with four different numbers of steps), is carried out by electromagnetic simulation
in CST Microwave Studio. A comparison between the response of the different designs, and the number of
iterations used to obtain them, is also presented. Simulations with an in-house full-wave solver are performed
to validate the transitions. All the transitions have been manufactured in a low-cost single-layer printed circuit
board technology on Rogers 4003C. A microstrip-to-SIW 4-step configuration, tested as a back-to-back
prototype, exhibits an insertion loss between 2.0 dB and 2.2 dB and a return loss better than 20 dB dB, from
24.25 GHz to 26.5 GHz, including the effect of the end-launch connectors. Another GCPW-to-SIW 3-step
configuration, tested also as a back-to-back prototype, experimentally shows from 24 GHz to 26.5 GHz a
minimum return loss of 13 dB, and an insertion loss between 2.6 dB and 2.9 dB. The overall performance of
the sixteen configurations validates the usefulness of the proposed design process.

INDEX TERMS Substrate integrated waveguide (SIW), microstrip, grounded coplanar waveguide (GCPW),
fifth-generation cellular networks (5G), planar transition, multistep taper, single-layer printed circuit
board (PCB).

I. INTRODUCTION

Substrate integrated waveguides (SIW) have been a topic of
interest in the recent years, since they combine the high-
power capabilities of traditional rectangular waveguides with
standard planar fabrication techniques, such as those used in
printed circuit boards (PCBs). Their design is based on the use
of metallized via holes that connect the two metal layers of a
dielectric substrate, where these via holes must comply with
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size and separation rules [1], [2]. If these rules are met, then
the SIW has a perfect equivalence to a traditional rectangular
waveguide in the monomode TE | band [3].

SIW-based circuits and antennas have extensive applica-
tions in microwave and millimeter-wave bands. With the
emergence of fifth-generation (5G) cellular networks, new
opportunities and challenges related to the use of this tech-
nology arise, with low-cost solutions being also a priority to
develop successful large-scale commercial solutions. Since
SIW is a planar compatible technology, transitions oper-
ating in 5G frequency bands will be required to interface
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with other common planar technologies, such as microstrip,
coplanar waveguide (CPW) or grounded CPW (GCPW).
Although some experimental examples of microstrip-to-SIW
and GCPW-to-SIW transitions operating in K-band have been
proposed [4]-[10], there is still a research gap in terms of
obtaining a better performance at a lower cost. For exam-
ple, [5] requires multilayer manufacturing, which increases
manufacturing complexity and cost in comparison to a single-
layer standard PCB technology. And, in the case of [7], [8],
the RT/Duroid 5880 substrate is used, which has very low
dielectric losses, but a high price in comparison to other
alternatives. Therefore, there is a need to establish a generic
procedure applicable to single-layer designs, with indepen-
dence of the chosen substrate.

Equations to calculate the correct length and width of a
microstrip taper as a transition to SIW were presented in [7].
There are improvements to the basic taper transition, such
as locating via holes at a certain distance from the center
of the transition [11], using lumped elements [12], intro-
ducing an additional taper element to increase the adapta-
tion [13], using exponential curves for the taper instead of
linear ones [14], or even using a fork structure with a tuning
via to excite a resonant slot etched in one of the SIW metallic
layers [15].

Transitions from CPW, and its alternative GCPW, have
also been designed and reported. Although some designs
used a probe transition from GCPW to SIW [4], [5], the use
of coupling slots, with in some cases a quarter-wavelength
stub, has been widely reported in the literature [6], [8],
[10], [16]-[18]. There have been examples of using a
GCPW taper for both the central conductor and the adjacent
etched surfaces, in a similar fashion to the microstrip taper
[9], [19]-[22]. This taper has also been improved using
a V-slot in the final section of the space between
conductors [23].

Many of the cited previous work use one step in their
transition design, that is, they only have an initial dimensional
state, and a final one. Over the years, there have been reports
of using multistep transitions between microstrip and CPW
lines, where various increments in width values are used
[24]-[26]. In these examples, discrete width increases are
used to adapt the technologies, producing a staircase like
structure. These same ideas have also been used to create
transitions to SIW [27], [28].

In this work, we present a methodology for the design
of high-performance transitions from microstrip and GCPW
lines to SIW. This methodology is based on full-wave opti-
mizations on multistep topologies using tapers to vary from
one width to the next one, and has been applied in the design
and comparison of several multistep transitions. Different
configurations of the transitions, with different step count,
are simulated and optimized for the 5G n258 band, using
CST Studio Suite 2019 [29]. These multistep transitions
are the result of an heuristic approach, increasing only the
number of iterations used in the optimization, and not the
complexity of the process itself. The designs are compared
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to the obtained results of an in-house Finite Element Method
(FEM) full-wave solver, and are validated with experimental
measurements. For this purpose, back-to-back circuits for all
the transitions have been manufactured in a single-layer PCB
technology on low-cost Rogers 4003C substrate. Finally,
the improvements and incremental computational costs of
adding these extra steps is discussed and rated, and the results
are assessed in the light of the literature.

Il. DESIGN OF MULTISTEP TRANSITIONS

Tapers are used to create a continuous variation of impedance
between two different values. Their length is related to fre-
quency, since quarter-wavelengths are usually recommended,
providing a maximum adaptation at a certain frequency
point [7], [13]. Even with the multiple improvements seen in
the literature over the basic transition described in [7], [17],
very few scientific works use more than one taper. In [13], two
microstrip tapers (one with a linear variation and one with an
exponential variation) were used to increase the adaptation in
a band. In this work, we propose the use of several cascaded
linear tapers as a multistep transition to increase adaptation
in the 24.25 GHz to 27.5 GHz band, which corresponds to
the n258 band of 5G New Radio (5G NR) [30]. The selected
substrate is RO4003C (g, = 3.55, tan§ = 0.0027), due to its
reduced price compared to other substrates, with a height of
0.508 mm and a 35 num copper thickness.

FIGURE 1. Models of the studied types of transitions, with four linear
tapers cascaded: a) GCPW Enclosed, b) GCPW Line, c) Microstrip
Enclosed, d) Microstrip Line.

We will examine the use of two planar technologies,
microstrip and GCPW lines, in two different configurations:
with the linear tapers being within the SIW (these cases will
be called “enclosed’’), and with the linear tapers being out-
side the SIW (which will be called ““line”). Fig. 1 shows a top
view of four of the different models studied, each one using a
cascade of four different linear tapers. The GCPW enclosed
configuration, Fig. 1.a, is inserted within a 4.0 cm long SIW.
On the other hand, the microstrip enclosed configuration,
Fig. l.c, is embedded within a 3.6 cm long SIW. The line
configurations, Fig. 1.b and Fig. 1.d, connect to a 1.0 cm long
SIW, with 10 pairs of via holes.
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FIGURE 2. Dimensions used in the design of the 4 step GCPW line to SIW
transition.

Fig. 2 illustrates the physical meaning of each dimension,
using a 4 step GCPW line to SIW transition as basis. All the
studied designs have a 2.0mm 50 2 line as feeding point
(length denoted as ly¢py if it is a GCPW transition, or lyjcro
if it is a microstrip one). This impedance corresponds to
a microstrip width of 1.151 mm (wWp;c,), While the central
conductor of the GCPW has a width of 1.132mm (Wgcpw)
with a separation between conductors of 1.0mm (g). The
separation between the outer conductor border in the 50 €2
line section and the additional via holes is 0.6 mm (a). The
SIW width between the via holes center is 4.4 mm (wy;,,), with
a via diameter of 0.6 mm (d) and a via pitch of 0.9 mm (p).

The width of each taper (wgper) Will be specified at the
end of it, starting from the 502 line. In the case of the
GCPW transitions, the same criteria will be applied to define
the separation between conductors (guper). The length of
each linear taper will be denoted as /;qpe,. Microstrip designs
follow the same taper naming convention, therefore, an illus-
trative figure is omitted. In the specific case of the GCPW line
configurations, an additional via hole is placed in each taper
step at its middle point in terms of length.

In [20], it can be observed that the GCPW taper has
a maximum total end width similar to that of the SIW.
Furthermore, it can be extracted that the width of the central
conductor and the separation between conductors (gap width)
share a similar value, with less than a 3 percent difference
between them. Therefore, we initially set the end separation
between conductors to 1.35 mm and the central conductor end
width to 1.4mm as the starting point for the GCPW taper
dimensions. In the case of the microstrip designs, the formu-
las provided in [7] will be used as starting point, obtaining a
recommended taper width of 0.85 mm. The starting length for
both the microstrip and GCPW taper will be A¢/4 = 2.40 mm
(calculated at 26 GHz in the interior of the SIW). All the
tapers used in the different steps will share the same starting
dimensions.

Each one of the taper variables will be optimized using
the genetic algorithm provided with CST Studio Suite 2019.
We will set as goals to minimize insertion losses, while
maximizing return losses at the same time. Simulations will
consider losses in both the dielectric substrate and the cop-
per conductor. A comparative study of the total number of
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iterations used in each optimization process will be conducted
in the next section.

Each one of the taper variables will be optimized using
the genetic algorithm provided with CST Studio Suite 2019.
We indicate the genetic algorithm of CST to simulate 30 gen-
erations, with 16 individuals per variable optimized. The
genetic algorithm determines the maximum number of iter-
ations from these two parameters as the result of (m + 1) -
n/2 4+ 1, where m represents the number of generations and
n the number of individuals per generation. An HP Z2 SFF
G4 Workstation, with an Intel(R) Xeon(R) E-2176G CPU
(12 CPUs @ 3.7GHz) and 128 GB RAM, will be the com-
puting unit. The CST frequency domain solver will be used,
with a minimum precision of 25 meshcells per wavelength.
We will set as goals to minimize insertion losses, while
maximizing return losses at the same time. The optimizer will
use a sum of all goal criteria to evaluate the total performance
of each iteration. Simulations will consider losses in both the
dielectric substrate and the copper conductor. A comparative
study of the total number of iterations used in each optimiza-
tion process will be conducted in the next section.

Ill. OPTIMIZED MULTISTEP TRANSITIONS

Before we discuss the optimized results obtained for each
configuration, we will introduce how they will be presented.
For each configuration, we will study the use of one to four
cascaded linear tapers. This number of linear tapers used in
each case will be referred to as the number of steps. Each
design will be named after the number of steps used, the tech-
nology it uses (microstrip or GCPW), and its configuration
(enclosed or line). Therefore, a microstrip with an enclosed
configuration that uses two cascaded linear tapers will be
a 2 step microstrip enclosed transition. We will present a
comparative plot of all the obtained S-Parameters for the
analyzed step counter for each configuration. A table with all
the different values of width and length used for each linear
taper will also be presented. These values will be grouped by
step counter, with a number designating its correspondence
with the variables shown in Fig. 2. The total number of itera-
tions used in the optimization process to obtain the presented
results will be included in said table.

Additional simulations with an in-house FEM full-wave
solver [31] are performed in order to validate the optimized
designs. The analyzed mesh and the solver characteristics
differ from the ones used by CST Studio Suite 2019, and as
such, some discrepancies between these results and the ones
obtained with CST are to be expected.

A. GCPW ENCLOSED

The optimized results for the GCPW enclosed configuration
can be observed in Fig. 3. It can be easily noted how the
|S11] is greatly reduced to —35 dB with the 2 step transition,
while using 3 steps decreases the magnitude to a maximum
value of —45 dB in the 24.25 GHz to 27.5 GHz band of study.
The insertion losses in the band achieve a maximum value
of 1.3dB at 24.25GHz in the 1 step case. It can be seen
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FIGURE 3. S-Parameters magnitude of the simulated GCPW enclosed
configurations, with detailed zoom of the |S,;| parameters in the

n258 band. The lines correspond to the results obtained with CST Studio
Suite 2019, while the discrete symbols correspond to the in-house
full-wave solver.

how the highest insertion losses correspond to the 1 step
case, due to its worse value in terms of return losses. Since,
in this configuration, the distance between the feeding points
remains constant independently of the step number, the main
variation in |S»;| comes from the different |S;| values.

The results obtained by the in-house full-wave solver fol-
low the tendency of the CST results, i.e., the return losses
in the n258 band are lowered with the additional steps. The
difference between the solvers is prominent for the 3 step
design, which does not follow the same tendency that in the
CST results. In general terms, low |S11| values require very
few differences between meshes and analysis methodologies,
which we have been unable to provide since both solvers use
different approaches to model the emitted radiation. There-
fore, it is to be expected that longer transitions exhibit higher
discrepancies.

TABLE 1. Dimensions (in mm) and number of iterations of the simulated
GCPW enclosed configurations.
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FIGURE 4. S-Parameters magnitude of the simulated GCPW line
configurations, with detailed zoom of the |S,; | parameters in the

n258 band. The lines correspond to the results obtained with CST Studio
Suite 2019, while the discrete symbols correspond to the in-house
full-wave solver.

B. GCPW LINE

Fig. 4 shows the optimized results of the GCPW line con-
figurations. In this case, the 1 step design provides a better
performance in terms of matching than its GCPW enclosed
counterpart. There is also a significant increase in adaptation
with the 3 step design, with a maximum value |S11| value of
—38.92dB in the n258 band. The 4 step variation improves
this value to a maximum of —39.24 dB. The insertion losses
have a maximum value of 1.1 dB for the 4 step case. Since
in this configuration, the higher the number of steps used
implies a longer design, it is logical to have higher insertion
losses in the 4 step design.

The results obtained by the in-house full-wave solver fol-
low the tendency of the CST results, showing better return
loss performance for an increasing number of steps up to the
3 step case. In this case, the 4 step design achieves similar
|S11] values to the 3 step design, a tendency also shared with
the CST results.

TABLE 2. Dimensions (in mm) and number of iterations of the simulated
GCPW line configurations.

Steps No. of
used Weaper ltaper Gtaper iterations
1 TT=2118 | 1" =1.035 | 1" =1.132 1117
TT=10.601 | 1" =2454 | 1 =0.584

2 ond — 1980 | 2" =1.562 | 2 = (0.858 1489
TT=1461 | 1N =2842 | 17 =0.722

3 ond — 0,622 | 2 =2.370 | 2M = 0.847 2223
3d —=1.102 | 34=1.578 | 39 =0.964
TT=1.109 | 1¥=2.122 | 1¥ =0.643
ond — 1953 | 2nd =1.899 | 2md = (.438

4 3d =0.526 | 3¢ =2530 | 34=0.712 2977
4t = 1079 | 4h=1.653 | 4" =0.765

Table 1 exhibits the optimized dimensions obtained for
the GCPW enclosed designs. The maximum CPU time per
iteration has been measured to be 9 minutes in the case of the
4 step design. We should note that we use more iterations per
variable optimized in all the 1 step cases, since these designs
are considered to be closer to the transitions presented in the
literature. Obtaining the best possible performance in these
cases will allow for a fairer comparison to the literature.
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Steps No. of
used Wtaper ltaper Gtaper iterations
1 TT=1.094 | 1" =2.320 | 1= 2.362 1117
1'=0.967 | 17 =2037 | 1% =1.264

2 ond — 1468 | 2" =0.750 | 2" =1.559 1489
TF=0907 | 1 =2634 | 1N =1.114

3 ond — 1781 | 2 =2.005 | 2" =1.076 2223
34 =1.199 | 34 =20961 | 39=1.468
TT=1583 | 1N =2867 | 1% =1.653
o —(.891 | 2™ =2.550 | 2™ =1.131

4 3d=1452 | 39=1.938 | 39=1.103 2977
qh — 1243 | 4" =2.862 | 4™ =1.603

Table 2 provides the optimized dimensions obtained for
the GCPW line designs. The number of variables to optimize
in each of these configurations is equal to their enclosed
counterparts, therefore, the number of iterations per design is
the same. For this configuration, the CPU time per iteration
varies with the dimensions of each individual evaluation.
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For the final 4 step design, it has been measured to be 8 min-
utes. The smaller times are explained by the reduced size of
this 4 step design compared to its enclosed counterpart.

C. MICROSTRIP ENCLOSED

The microstrip enclosed configuration designs, whose opti-
mized results are shown in Fig. 5, present low insertion
losses, with a maximum value of 1.04 dB in the n258 band.
This configuration clearly exhibits an improvement with each
increment in the number of steps, obtaining less than —35 dB
with 4 steps from 24.25 GHz to 27.5 GHz.
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FIGURE 5. S-Parameters magnitude of the simulated microstrip enclosed
configurations, with detailed zoom of the |S,;| parameters in the

n258 band. The lines correspond to the results obtained with CST Studio
Suite 2019, while the discrete symbols correspond to the in-house
full-wave solver.

Once again, the highest insertion losses correspond to the
1 step case, since it has the worst response in terms of [Syp].

For this configuration, the in-house full-wave solver fol-
lows the tendency of the CST results, i.e., the return losses
in the n258 band are reduced with the additional steps. The
4 step design presents the highest difference between solvers,
but once again, this is to be expected. A longer microstrip
transition implies a higher difference due to the different used
emitted radiation model.

TABLE 3. Dimensions (in mm) and number of iterations of the simulated
microstrip enclosed configurations.

Steps No. of
used Wtaper ltaper iterations
1 TT=1.094 | 1 =2.320 745
TF'=0.850 | 1% = 2.462

2 ond — 7110 | 2™ =1.026 993
T'=2072 | 1¥ = 2.565

3 ond —1.232 | 2" =2.188 1489
34 =1.582 | 39 =0.658
TT=2547 | 1 =2.884
o — 1,696 | 2M =1.947

4 3d —1.145 | 3" =2.608 1985
4th = 1264 | 4™ =1.463

Table 3 provides the optimized dimensions obtained for
the microstrip enclosed designs. Since microstrip lines have
only two design variables, width and length, the number of
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iterations per step is much lower. The maximum CPU time
per iteration has been measured to be 8 minutes in the case
of 4 step design. Once again, we have used more iterations
in the 1 step case to obtain a better transition, and perform a
fairer comparison with the literature.

D. MICROSTRIP LINE

The results of the optimized microstrip line designs, shown
in Fig. 6, show a good behavior with the 1 step design.
Furthermore, only the 3 step design exhibits a substantial
improvement over the initial design, with maximum |Sy;|
values in the n258 band of —34.2dB at 24.25 GHz. This
configuration also creates longer designs the higher the step
counter, with higher insertion losses. In this case, the 4 step
insertion losses have a maximum value of 1.05dB in the
studied band.

0
m
S 7
» -20
2
)
5
& -40
o 2 Step
()] —-0-3 Step

-4 Step
-60 ' ; : :
22 24 26 28 30
Frequency (GHz)

FIGURE 6. S-Parameters magnitude of the simulated microstrip line
configurations, with detailed zoom of the |S,;| parameters in the

n258 band. The lines correspond to the results obtained with CST Studio
Suite 2019, while the discrete symbols correspond to the in-house
full-wave solver.

For this configuration, the results obtained by the in-house
full-wave solver show higher discrepancies for the 3 step and
4 designs in terms of | S| values. Once again, the differences
are suspected to be related to the higher amount of emitted
radiation of the microstrip sections, which the in-house full-
wave solver models using a different method from that of CST
Studio Suite 2019.

TABLE 4. Dimensions (in mm) and number of iterations of the simulated
microstrip line configurations.

Steps No. of
used Weaper ltaper iterations
1 TT=3115 | 1" =1.012 745
T'=0894 | 1% =1.609

2 oM — 1,670 | 2 =1.175 993
TT=1543 | 1% = 3.642

3 o —0.832 | 2M =3.214 1489
3d = 1.750 | 3" =1.027
1T=1.699 | 1% = 3.106
ond — 92044 | 2M = 2958

4 3d =0.961 | 3 =2308 1985
qah = 1456 | 4h =1.225

Table 4 provides the optimized dimensions of each
microstrip line design. The number of variables optimized
does not vary from the microstrip enclosed configuration,
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therefore, the same number of iterations has been performed.
In this case, the CPU time per iteration varies with the dimen-
sions of each individual evaluation. For the final 4 step design,
it has been measured to be 6 minutes. Once again, the smaller
times are explained by the reduced size of the 4 step design
compared to its enclosed counterpart.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, we will provide a comparison between sim-
ulations of the designed circuits with attached connectors,
and measurements of them. For this purpose, an N9918A
Keysight FieldFox Handheld Microwave Analyzer, specified
up to 26.5 GHz, will be used. The used RF-cables (models
N9927-60024 and N9927-60025) and electronic calibration
module (model N7555A), both supplied also by Keysight,
share the same upper frequency limit. The end launch con-
nectors used have been manufactured by Southwest (models
no. 292-05A-6 and 292-06A-5), and have been provided
with a recommended layout for the microstrip and GCPW
connection. In the case of the GCPW, this recommended
layout uses a central conductor width of 0.6858 mm and a
separation between conductors of 0.1778 mm. An additional
transition has been made for the GCPW configurations, using
a4.31 mm long linear taper to connect these two 50 2 GCPW
lines. In the case of the microstrip enclosed configuration,
the central microstrip line has been extended 6.0 mm out
of the SIW to recreate the recommended layout for the end
launch connector.

FIGURE 7. Photograph of the fabricated back-to-back prototypes with the
used coaxial connectors.

All the presented transitions have been fabricated and mea-
sured with the specified equipment. Fig. 7 shows a detail
of all the fabricated back-to-back prototypes, with the end-
launch connectors used for measurements. Simulations of
the measurement conditions, using a simplified model of
the end launch connectors and realistic values of the copper
roughness [32], have also been realized. The roughness value
has not been considered in the optimization process due
to its massive impact in terms of computation times. This
self-built simplified model allows not only to approximate
the simulations to the actual measurement, but also to real
applications where end-launch connectors have to be used.
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FIGURE 8. Simulated and measured S-Parameters of the GCPW enclosed
transitions, with detailed zoom of the |S,; | parameters in the n258 band.
Upper graph with 1 and 2 steps, lower with 3 and 4 steps.

The performed measurements will be compared with these
simulations.

A. MEASUREMENTS RESULTS

Fig. 8-11 show the results obtained from the measurements
and realistic simulations performed for the GCPW enclosed
transitions, GCPW line transitions, microstrip enclosed tran-
sitions, and microstrip line transitions, respectively.

A good agreement between measurements and simulations
in terms of |S>1| can be observed. The GCPW enclosed tran-
sitions present insertion losses between 2.57 dB and 2.81 dB
at 26 GHz, with a maximum difference with the simulations
of 0.4dB at the same frequency. The microstrip enclosed
transitions have similar insertion losses, between 2.71 dB
and 2.91dB at 26 GHz. In this case, the difference with the
simulation is less than 0.3 dB at 26 GHz. Both the GCPW line
and microstrip line transitions exhibit greater insertion losses
the greater the number of steps is, varying from 1.55 dB and
1.59 dB (respectively) at 26 GHz in the 1 step case, to 2.41 dB
and 2.01 dB at 26 GHz in the 4 step. For all the GCPW line
and microstrip line transitions, the difference with the simula-
tions is not greater than 0.2 dB and 0.5 dB, respectively, also
at 26 GHz.

In the case of the |S;i|, a difference in maximum val-
ues can be observed. This difference is to be expected,
as the performed simulations are not perfect replicas of
the measurement conditions, but rather an approximation.
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The self-built 3D end-launch connector model used in the
simulations has been simulated with a perfect electrical con-
ductor (PEC), and the housing is approximated using a set of
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various boxes. The dimensions supplied by the manufacturer
for the coaxial probe has been used, but the specifics of
the transition from the end-launch termination to the SMA
coaxial have not been provided. It can also be seen that
the measurements of the GCPW transitions have higher dif-
ferences from the simulations, which could be due to the
higher impact of fabrication defects in coplanar structures.
Nevertheless, the results show how, in general terms, a higher
step number decreases the maximum value of |S11| in the
24.25 GHz to 27.5 GHz band, both in the measurements and
in the simulations. This trend observed in the experimental
results validate the tendency exposed in the simulations.

Excluding the 1 step GCPW enclosed transition, only
|S11] levels inferior to —10dB have been measured in the
24.25 GHz to 26.5 GHz band (due to the upper limit in fre-
quency of the measurement equipment). Furthermore, in the
case of the 2 step and 3 step microstrip line transitions,
maximum values of —15dB in the same band have been
obtained, while the 4 step microstrip line configuration has
a maximum value of —20dB. The better performance of
the microstrip line transitions is suspected to be related to
the higher tolerance of microstrip technology to fabrication
defects.

B. DISCUSSION
The presented transition design procedure, heavily based on
an heuristic approach, has allowed to improve the response of
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TABLE 5. Simulated performance comparison between the back-to-back prototypes of published works and this paper (ordered by published year). For
this work, we include only the 3 step GCPW and 4 step microstrip enclosed designs, as they obtained the best results in terms of return losses.

. Chosen substrate ~ Frequency range L Minimum Maximum
Reference  Line type Method used (ér, tan 6) (GHz) Transition length Return Loss  Insertion Loss
[4] GCPW Current probe € = 2.94 26.0 — 30.0 4.22 mm 20dB 0.5dB
Taconic
[5] CPW Elevated-CPW (2.33,0.0012) 20.0 — 28.0 7.19 mm 16dB 1.5dB
. . . RT/Duroid 5880
[7] Microstrip Linear taper (2.2,0.0009) 24.0 — 38.0 1.57mm 25dB 0.5dB
Microstrip . ] RT/Duroid 5880 15dB 1.0dB
(8] GCPW Linear taper (2.2,0.0009) 17.0 = 30.0 — 20dB 0.3dB
. RO4003C
[19] GCPW Linear taper (3.55,0.0027) 7.0—-14.0 4.08 mm 15dB 0.4dB
[27] CPW Stepf]’fd'lmpedam e =22 2.5— 4.0 13.0mm 10dB <1.0dB
esonator
. RT/Duroid 6002
[9] CPW Linear taper (2.94,0.0012) 18.0 — 28.0 3.18 mm 20dB 1.45dB
. . . . RT/Duroid 6002
[11] Microstrip Linear taper-via (2.94,0.0012) 12.4 — 18.0 3.11 mm 32dB 0.7dB
Microstrip X Taconic TLX-8 10dB 1.3dB
[12] GCPW Lumped elements (2.55,0.0012) 4.1 —-5.8 2.80 mm 20dB 0.8dB
[13] Microstri Two consecutive tapers RO4003C 12.0 — 18.0 8.17mm 20dB 1.2dB
strip S PeIS (3.55,0.0027) : : : :
[15] Microstrip ~ Aperture-coupled slot LTCC material 47.8 — 60.0 — 15dB 2.0dB
[23] GCPW Tapered V-Slot er = 9.8 8.0 —12.5 3.70 mm 15dB 0.4dB
. Microstrip . RO4003C 8.90 mm 35dB 1.05dB
This work GCPW Cascaded linear tapers (3.55,0.0027) 24.25 —27.5 6.79 mm 45dB 1.3dB

back-to-back transitions from microstrip and GCPW lines to
SIW technology. The use of a cascade of consecutive linear
tapers as a multistep transition has been proved to be an
effective way to enhance the obtained response in the 5G NR
n258 band. And, because it is based in consecutive linear
tapers, the same design procedure can be applied to other
frequency bands. With this approach, we have successfully
reduced the maximum |S;| values from more than —20 dB to
—45 dB for GCPW lines, and to —35 dB for microstrip lines,
in the 24.25 GHz to 27.5 GHz band.

In the literature, similar designs to our 1 step microstrip
line transitions have obtained maximum |S1{| levels in simu-
lations of —20dB in a similar band [7], [11]. Improvements
to these transitions, based on additional design elements such
as additional vias [11], lowered this value to a maximum of
—30dB, adding additional design equations to the process.
In all these cases, the presented |S>1| levels have a difference
less than 0.6 dB with our results.

In the case of GCPW transitions, we can find in the lit-
erature |S11| levels in simulations inferior to —20dB using
probes [4], [5]. Maximum levels of —25 dB when using tapers
similar to our 1 step GCPW design have been presented [19].
In the case of the |S,1]| levels, differences with our simulation
not greater than 0.8 dB have been observed.

The observed differences in insertion losses between this
paper and the works presented in the literature are also
affected by the chosen substrate. Better insertion losses can
be obtained using more expensive substrates with lower
dielectric losses, such as the RT/Duroid 5880 (tan§ =
0.0009), without changing the presented design methodology.
Nevertheless, the RO4003C, with its tand = 0.0027, has
been elected as a good compromise between performance
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and cost. A more direct comparison between this work and
the ones presented in the literature, including differences in
terms of substrate, is performed in Table 5, where it can
be seen how the presented back-to-back prototypes obtain
better insertion losses than some previous works with better
substrates for similar frequencies. For this work, we have
included the lengths and S-Parameters of the 3 step GCPW
and 4 step microstrip enclosed designs in Table 5, as they have
the best results in terms of return losses.

We have also seen how adding an additional step to the
transition does not always produce the same enhancement
in terms of S-Parameters. In some cases, we even have not
been able to improve the |S11| levels by using 4 steps, which
suggests that even more optimization iterations are needed
due to the high number of variables. Therefore, the results
seem to indicate that the proposed design methodology, heav-
ily based on an heuristic approach, has a limit in terms of
response enhancement per additional computational time.
A comparison between the highest obtained |S7;| levels of
the enclosed and line configurations for each planar line type
in the n258 band, and the number of steps used, is carried
out in Table 6. With these obtained levels, the designer can
decide how many additional steps should be included, if better
|S11] values are needed, while also considering the increase
in complexity and optimization time required, and reach a
compromise for each application.

As we have seen in this work, two different reference
planes have been considered. The reference plane location
for the optimization does not take into account the end-launch
connectors, since a transition between technologies might be
present at an internal position on the board, not necessarily at
the edges. In these cases, we have obtained excellent values
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TABLE 6. Comparison between the highest |S;; | levels obtained with CST
Studio Suite 2019 of the enclosed and line configuration for each planar
line type in the n258 band, and the number of steps used.

Steps | Max. Microstrip | Max. GCPW
used ‘511‘ ‘511‘
1 —18.3dB —16.5dB
2 —25.0dB —26.9dB
3 —33.2dB —38.9dB
4 —30.6dB —36.2dB

in terms of |S11| and |S21|. However, experimental character-
ization of SIW circuits with a network analyzer with coax-
ial ports requires compatibility to end-launch connectors.
To provide a more exhaustive analysis, EM simulations at
both reference planes have been presented.

The results presented in the literature can be sufficient for
standard real applications, since —20dB in |S1]| is usually
considered a sufficient value. This value has been lowered
in the literature using additional elements such as precisely
located vias or lumped elements, which usually require
additional design considerations. Nevertheless, our heuristic
approach only requires an increase in the number of iterations
in order to obtain better |Si;| levels. Furthermore, if the
distance between feeding points is fixed, the insertion losses
do not worsen due to the increase in step number. And, since
other alternatives also include an exhaustive optimization
process and an increase in fabrication complexity, our design
approach can be considered simple enough to obtain a better
performance.

V. CONCLUSION

In this work, a novel approach to transition design from
microstrip and GCPW to SIW technology has been pre-
sented, using cascaded linear tapers as a multistep transition.
We have designed several transitions, each one with a dif-
ferent step counter and a different planar technology con-
figuration, comparing its performance and the optimization
iterations used for each design. By just increasing the number
of geometrical parameters to optimize (with its correspondent
increase in optimization time), the obtained |S1;| levels have
been dropped from more than —20dB to —45dB (using
GCPW lines) and to —35 dB (using microstrip lines) in the
5G n258 band, defined from 24.25 GHz to 27.5 GHz. These
transitions have been fabricated, measured, and simulated
with an approximation of the measurements conditions. The
performed measurements and additional simulations with an
in-house FEM full-wave solver validate the usefulness of the
presented design process, exhibiting the same behavior as
in the simulations. Comparisons of the effect of additional
steps both in computational time and performance have been
carried out, so a compromise between the two can be decided
if a better a performance is needed. Although there are other
designs procedures presented in the literature, few of them are
comparable in terms of performance or cost, compatible with
single-layer standard PCB manufacturing, and they introduce
additional elements and complexity to the design process.
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