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Abstract—This article presents a compact dual-band substrate
integrated waveguide (SIW)-to-rectangular waveguide (RWG)
frequency-selective transition (FST). This FST is a key enabler of
future dual-band systems, such as automotive radar operating at
77 and 130 GHz. The proposed structure enables efficient signal
routing from a single beamforming integrated circuit (BFIC) to
two separate antenna arrays, leveraging waveguide (WG)-based
filtering for high-frequency integration. A vertical transition
topology is adopted to enhance mechanical robustness and to
simplify assembly. This robustness is validated by performing a
sensitivity analysis on the assembly. The structure is fabricated
using aluminum-based laser powder-bed fusion (LPBF), enabling
monolithic integration of complex millimeter-wave (mmWave)
features. Experimental results demonstrate insertion loss (IL)
around 2.5 dB for the low and high bands of the FST, with
measured isolation exceeding 30 dB in the high band. The results
validate the feasibility of the proposed FST and highlight the
impact of manufacturing tolerances on mmWave performance.
This work contributes a scalable, low-loss packaging solution for
dual-band radar front ends in next-generation automotive and
6G sensing applications.

Index Terms—Diplexer, dual-frequency, millimeter-wave
(mmWave), substrate-integrated waveguide (SIW), transition,
waveguide (WG) filter.

I. INTRODUCTION

AS AUTONOMOUS driving and intelligent transporta-
tion systems advance, radar technologies are evolving
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rapidly to meet new sensing requirements. JCAS systems are
gaining increased attention, especially within the proposed
6G spectrum, where additional bandwidth is being allocated
for automotive radar in the D-band around 130-GHz [1]. This
higher frequency band enables finer spatial resolution and
more accurate environmental mapping due to the 1–7 GHz
of available bandwidth [2]. Moreover, the 130-GHz band is
expected to be less impacted by interference from unlicensed
WLAN systems than lower millimeter-wave (mmWave)
bands [3]. However, due to increased free-space path loss
at 130 GHz, it is less suitable for long-range detection
and is better suited as a complementary radar system rather
than a full replacement for existing 77 GHz systems. Com-
bining both bands in a dual-frequency radar system offers
enhanced performance by leveraging the strengths of each
frequency. In addition, the restricted available sensor space
(often < 90 × 70 × 20 mm3 [4]) can be shared between the
two systems, resulting in a higher space efficiency.

Designing dual-band radar systems introduces several chal-
lenges. First, antenna array design is constrained by the need
to avoid grating lobes, which requires near-free-space half-
wavelength interelement spacing at the highest frequency. This
conflicts with the antenna size, which is often the effec-
tive half-wavelength at the lowest frequency. The challenge
becomes more pronounced when the two operating frequencies
are widely spaced, as the optimal array geometries for each
band differ significantly. A practical solution is to split the
output of a dual-band beamforming integrated circuit (BFIC)
into two separate arrays optimized for each frequency.

Second, integrating mmWave radar electronics with anten-
nas involves significant interconnect and routing losses.
Conventional transitions such as solder balls [5] and bondwires
[6] introduce substantial insertion loss (IL), especially at
higher frequencies. Moreover, printed circuit board (PCB)-
like processes exhibit significant routing losses due to the
inherently lossy nature of transmission lines, and verti-
cal interconnects such as vias further add to cost and
increased losses. For front-facing automotive radar, the
required maximum effective isotropic radiated power (EIRP)
will be in between 20–40 dBm [2] at 130 GHz. Due to
the limited power amplifier (PA) output power at these
frequencies, minimizing interconnect losses is of utmost
importance.

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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Various transition structures have been proposed to address
these challenges, including ridge waveguide (WG) to silicon
chip transitions [7], substrate integrated waveguide (SIW)-
to-microstrip transitions [8], [9], and coplanar WG-based
designs [10]. While these demonstrate feasibility, they typi-
cally target single-band operation and lack integration with
diplexing functionality. Notably, Erkelenz et al. proposed two
concepts: one that diplexes two bands in a rectangular waveg-
uide (RWG) to grounded coplanar WGs [11], and another
that transitions from RWG to multiple SIWs acting as a
frequency-selective power splitter and transition [12]. Both
operate at 20–30 GHz. However, extending these concepts to
dual-band frequency-selective packaging is nontrivial due to
competing constraints on bandwidth, isolation, and mechanical
assembly. Furthermore, practical realizations at 77/130 GHz
must account for manufacturing-driven effects such as surface
roughness, dimensional tolerances, and assembly misalign-
ment, which can dominate the performance at these high
frequencies.

Metal-only additive manufacturing, and in particular laser
powder-bed fusion (LPBF), offers an attractive path toward
monolithic WG packaging with integrated RF features,
reduced part count, and simplified assembly. At the same time,
LPBF introduces constraints on printable geometry and brings
tolerance- and roughness-related uncertainties that require ded-
icated design-for-manufacturing and experimental validation at
mmWave frequencies.

This article introduces a dual-frequency SIW-to-
RWG frequency-selective transition (FST) operating at
77 and 130 GHz, realized using metal-only LPBF and
validated experimentally. To the author’s best knowledge,
this article is the only one to address such a high frequency
for an FST. The proposed transition not only supports the
integration of BFICs and antenna arrays but also incorporates
frequency-splitting functionality. This integration simplifies
the overall architecture and reduces IL by eliminating
the need for separate filtering components. A preliminary
study of the underlying concept and related challenges was
reported in our initial work in [13]. The present article
substantially extends that work by introducing a fundamental
analysis and a manufacturable realization framework,
together with experimental verification on an additively
manufactured prototype. The main contributions of this
work are summarized as follows: 1) a compact dual-band
FST integrating diplexing functionality directly into an
SIW-to-RWG transition for 77/130-GHz automotive radar
systems; 2) a simplified circuit-level model that describes the
FST operation and identifies the critical parameters governing
frequency selectivity, matching, and isolation; 3) a design flow
that uses metal-only LPBF to realize complex 3-D mmWave
WG structures with monolithic integration of filtering
features; and 4) an experimental validation, together with an
analysis of the dominant fabrication- and assembly-induced
sensitivities affecting the realized performance.

The remainder of this article is organized as follows.
Section II describes the general system-level integration con-
cepts and introduces the key definitions and performance
goals. Section III presents the circuit model and introduces

Fig. 1. Use-case scenario of the proposed FST for dual-band WG arrays.
Only Tx BFICs are shown. Not to scale.

the key concepts, followed by the design procedure in Sec-
tion IV. Experimental results are provided in Section V, and
the discussion and conclusion are presented in Sections VI
and VII, respectively.

II. SYSTEM-LEVEL INTEGRATION CONCEPT

Fig. 1 introduces a novel system-level integration concept
enabled by the proposed dual-band FST. The focus is on
architectural implications for dual-frequency automotive radar
front ends, rather than on geometry-level design implemen-
tation details, which are addressed later in Fig. 2. In this
use-case scenario, a common dual-band BFIC powers two
separate WG antenna arrays, one for 77 GHz and one for
130 GHz, via a shared FST. The antennas are embedded within
a metal package, enabling low-loss WG-based RF routing.
This packaging approach eliminates the need for lossy PCB-
based transmission lines, solder balls, or bondwires to feed the
antennas. The proposed FST structure connects the BFIC to
the WG arrays through a compact SIW-to-RWG interface that
simultaneously performs frequency splitting using a low-pass
filter (LPF) in the low-band channel and a below-cutoff RWG
in the high-band channel. This allows the dual-band signal
from the BFIC to be efficiently split and routed to the appropri-
ate antenna array, minimizing IL and maximizing integration
density. Compared to implementing two independent radar
front-ends, the proposed architecture is particularly advanta-
geous in packaging-constrained dual-band modules where a
shared aperture and a common dual-band BFIC are available
or desired. In this use case, the RF back-end is consolidated
into a single BFIC, while the band separation is shifted
into a passive, package-integrated transition. This reduces
duplication of mmWave front-end resources and, critically,
the number of high-frequency interconnects and feedthroughs,
which often dominate area and assembly effort in tightly
integrated modules. Since the FST is realized as a compact,
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Fig. 2. Block diagram of the proposed frequency-selective transition in
a dual-band radar transmit system (the same concept can also be used in
a receive system). Low-band is for operation in the WR-10 band around
77 GHz; high-band is for operation in the WR-8 band around 130 GHz. Each
FST has an input (Ix) and an output for the low-band (Lx) and high-band
(Hx). Reference planes 1,2,3 correspond to Port 1,2,3, respectively.

passive SIW-to-RWG feature inside the metal package, the
incremental integration overhead is small compared to dupli-
cating complete RF channels and their packaging interfaces.
Consequently, the FST trades one passive three-port network
for a net reduction in footprint, RF routing complexity, and
integration risk in shared-aperture, dual-band radar modules.

Fig. 2 details the implementation of the FST in the complete
system. The FST is a three-port passive network with one
SIW port (Reference plane 1) and two RWG ports (Reference
planes 2 and 3), placed between the BFIC and the two antenna
apertures.

The topology in Fig. 2. implements the proposed FST by
co-routing the SIW port into two physically distinct paths.
A slot-coupled junction (the red-colored “Slot” block in the
FST path in Fig. 2) realizes the SIW-RWG transition. The
frequency-selectivity of the FST is created by design

1) Low-Band (77 GHz) Path: A compact RWG-based LPF
is inserted to reject high-frequency spectral components,
ensuring only 77 GHz is transmitted toward Reference
plane 2.

2) High-Band (130 GHz) Path: A tapered SIW and RWG
providing below-cutoff operation for the low-frequency
spectral components inherently filtering these, while
also providing low-loss transmission of high-frequency
signals toward Reference plane 3.

While the antennas are physically isolated (see Fig. 1),
finite cross-band isolation can lead to signal leakage between
transmit paths. For instance, 10 dB isolation implies that
a typical 10 dBm signal at 77 GHz couples as 0 dBm
into the 130-GHz path. Although this coupled power is not
radiated efficiently due to a mismatch at the antenna port,
it may introduce unwanted intermodulation, lower radiation
efficiency, or decrease the carrier-to-interference ratio. There-
fore, high isolation is critical in dual-frequency radar systems.
While in some works [14] the cross-band isolation is greater
than 35 dB, this will not be targeted in this publication mainly

due to the absence of integrated antennas in this publication,
which would add to the frequency-selectivity of the two paths
in the FST. If stronger low-band rejection in the high-band
channel is required, an explicit high-pass filter (HPF) can
be inserted without changing the proposed FST synthesis.
Alternatively, the below cut-off RWG can be elongated at the
cost of increased IL in the high band.

III. METHODOLOGY

A. Transitions

As explained in the introduction, wire bonding and sol-
der balls suffer from high IL at mmWave frequencies [6].
An emerging alternative is to print transmission line ramps
directly from the die to a carrier, as demonstrated in [15],
which shows promise beyond 100 GHz. However, this tech-
nology is not yet readily available and is limited to thin dies
(50 µm thickness was used in this publication).

Above 60 GHz, SIWs have shown superior performance
over microstrip and coplanar lines in terms of IL and shielding,
making them attractive for on-carrier signal routing. To further
guide signals to external WG-based antennas, a transition from
SIW to a RWG becomes necessary. In this work, we explore
such a transition from a SIW to a RWG.

Two main types of SIW-to-RWG transitions exist: transverse
(inline) and vertical (orthogonal). Transverse transitions, such
as those in [10], [16], and [17], are often embedded in
split-block assemblies and are prone to leakage, alignment
errors, and complex assembly. These transitions are usually
constructed by launching a mode in the RWG directly from
an open-ended SIW. Vertical transitions, as seen in [8], [9],
[18], and [19], typically use transverse slots in SIW broad
walls and offer better mechanical robustness and integration
simplicity due to leveraging the z dimension as well, allowing
stacked designs.

For the presented FST, a vertical transition topology using
broad wall coupling slots is selected for its mechanical
simplicity, alignment tolerance, and compatibility with metal
packaging.

B. Diplexers

A diplexer enables the separation of two frequency bands
from a common port, allowing a single BFIC to feed two
distinct antenna arrays. Diplexers are typically realized using
bandpass and LPF/HPF combinations, implemented in WG,
microstrip, or SIW technologies. However, in this publication
the diplexer consists of an LPF and below-cutoff sections, as
can be seen in Fig. 2.

Recent literature has explored various compact and high-
performance diplexer designs suitable for mmWave applica-
tions. Hung et al. [20] proposed a miniaturized dual-band
diplexer using substrate-integrated coaxial cavity resonators,
achieving high isolation and low IL. These are key require-
ments for automotive radar integration. Huang et al. [21]
introduced a wideband hybrid diplexer operating in the D-band
(110–134 GHz and 146–170 GHz), using high-low pass filters
and hybrid couplers to achieve over 100 dB isolation and
sub-0.5 dB IL, demonstrating feasibility for 6G radar
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and sensing systems. These works emphasize the trend
toward embedding filtering functionality directly into compact
RF structures to reduce complexity and improve performance.

C. RWG, SIW and LPF Description

The characteristic impedance (P-I definition) of the WGs,
supporting the fundamental TE10 modes, is given by [22]
and [23]

Z =
Z∞r

1 −
�

fc
f

�2
(1)

with Z∞ the high-frequency impedance asymptotics and fc the
mode cut-off frequency described as follows:

Z∞ =
π2

8
120π
√
εr

H
W ′

, fc =
c0

2W ′
√
εr
. (2)

Here, εr is the relative permittivity, c0 is the speed of light in
vacuum, H is the height of the WG, and W ′ is the effective
width of the WG. This effective width is the physical width for
an air-filled WG and is described by W ′SIW = WSIW−D2/0.95P
for the SIW, where D and P are the SIW sidewall via diameter
and period [24], respectively.

The LPF in the 77-GHz path is essential for suppressing
unwanted high-frequency spectral components from the dual-
band input. It ensures that only the 77-GHz signal reaches the
low-band WG output, enabling effective frequency splitting
within the transition structure.

A fourth-order Chebyshev design was selected to achieve
a sufficient stopband rejection while maintaining a compact
footprint, as will be detailed in Section IV-B. This choice
reflects a tradeoff between isolation and size: higher order
filters offer better isolation but introduce more impedance
transitions, which can increase IL at the passband.

D. Equivalent Circuit-Level Model

A simplified hybrid circuit model treats the structure in
Fig. 2 as a combination of cascaded WG transmission line
sections, SIW-to-RWG transition lumped equivalents, and the
Chebyshev LPF two-port network. The model can be used to
investigate the following tradeoffs.

1) Chebyshev LPF order versus Isolation: Lower filter
orders reduce filter selectivity, potentially increasing
leakage between bands. However, the passband losses
increase with a higher filter order.

2) Transition length versus Loss: Shorter SIW and RWG
reduce loss but may introduce impedance mismatches
and degraded isolation.

The circuit model is presented in Fig. 3. Standard RWG
sections are used with different relative permittivities corre-
sponding to the air-filled RWGs and the SIWs. Two different
transition mechanisms are used: an electrically narrow cou-
pling transverse slot in the SIW broad wall for the 77-GHz
path, and an E-plane RWG bend for the 130-GHz path (slot
size similar to RWG dimension). The low band slot is modeled
as two parallel LC resonators coupled through an impedance
transformer [25]. The E-plane bend and the taper in the SIW

Fig. 3. Circuit model of the proposed FST in Fig. 2. The transition to the low-
band output (Port 2) is achieved using a slot-coupled T-junction. Both the taper
and high-band E-plane bend are modeled as ideal impedance transformers
and form the path toward the high-band output (Port 3). SIWc, SIWd and
RWGc create a below-cutoff path for the low-frequency spectral components,
inherently filtering these.

Fig. 4. Design procedure for an FST. The red arrows signify a feedback loop
when design requirements are not met, whereas the green arrows indicate a
pass on these design requirements.

section are both modeled using ideal impedance transformers
[26]. To have an accurate LPF representation, the filter was
synthesized numerically using full-wave simulation (in CST
Studio Suite 2025 [27]) (in Section IV-B), after which its two-
port S -matrix was imported into the circuit model.

IV. DESIGN PROCEDURE

The design procedure to build an FST as described in Fig. 2
is shown in Fig. 4. It starts from designing the dual-band
(or wideband) SIW with a single transition to the low-band
RWG output. After adding a filter, the second transition to
the RWG high-band output and the supporting structures, the
whole FST can be constructed. In steps 3 and 4, feedback
loops provide places to optimize the desired parameters for the
design. Following this design procedure allows one to design
an FST with minimal losses, taking into account the specific
process design rules for the intended manufacturing. In this
project, LPBF is used, which will be discussed in more detail
in Section IV-A.

The FST is targeted for the automotive bands at 77 and
130 GHz. A bandwidth (BW) of 5 and 20 GHz is envisioned
for these two bands, respectively. A transition loss of < 2 dB
is desired for both bands, which is challenging given the
high-frequency implementation and additional requirements
on interband isolation. This section covers the LPF synthesis
(step 2) in Section IV-B, the results of the analytical
model (step 4) in Section IV-C, the complete single-ended
FST (step 5) in Section IV-D, and its sensitivity analysis in
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Fig. 5. X-ray image of a manufactured prototype for an old design, depicting
artifacts close to the RWG channels. Due to these artifacts, the preferred
minimum resolution was increased from 100 to 200 µm.

Section IV-E. Finally, the back-to-back (B2B) design (step 6)
is described in Section IV-F.

A. Manufacturing Technology

The metal WG block prototypes were manufactured using
all-metal 3-D printing technology with AlSi10Mg [28], which
is well-suited for additive processes due to its good thermal
conductivity, mechanical strength, and printability. In partic-
ular, the structures are fabricated using LPBF, a metal 3-D
printing technique that builds parts layer-by-layer, enabling
the realization of complex internal geometries that would be
difficult or impossible to achieve using conventional computer
numerical control (CNC) machining.

Compared to traditional CNC-milling of split-block WG
assemblies, LPBF offers several advantages. Split-block
milling requires precise alignment and assembly, and is limited
in terms of internal routing complexity. While it provides
excellent surface finish and dimensional accuracy, it is less
suitable for compact, integrated multifunctional structures like
the one proposed in this work. Monolithic 3-D printing like
LPBF, on the other hand, eliminates assembly steps and allows
for seamless integration of transitions, filters, and WGs in
a single part. This reduces parasitic effects from split-block
interconnects and misalignments, supporting more compact
and robust designs.

However, LPBF also introduces challenges. One of the
main limitations is the relatively high surface roughness (SR),
which can significantly impact mmWave performance. The
as-printed rms SR for LPBF is typically 6 ± 2 µm, which
can be improved to 4 ± 1 µm through postprocessing such
as glass bead blasting [29]. While this is still rougher than
machined surfaces, it can be mitigated through careful design
and simulation of associated loss mechanisms.

X-ray imaging is used to inspect the internal structures of
the test printed parts. Fig. 5 shows an X-ray image of a first-
generation prototype, previously presented in [13]. Small air
gaps are visible between the WG walls and surrounding metal.
The cause of these voids is still under investigation, but the
internal geometry remains intact. Based on this experience,
the preferred minimum feature size in the current design was
increased from 100 to 200 µm to improve print reliability and

reduce the risk of incomplete material fusion. Moreover, RWG
channels were separated sufficiently to avoid voids between
them.

For prototyping purposes, the BFIC interface is emulated
using a PCB-based SIW structure. This allows for practical
validation of the FST behavior before integrating with actual
BFICs. In this study, a Rogers 0.508-mm thick RO4003C
substrate is used (εr = 3.55, tan δ = 0.0027) with 35 µm tin-
plated copper.

B. LPF Synthesis (Step 2)

As discussed in Sections III-C and III-B, the LPF is a key
component enabling frequency-splitting by suppressing high-
frequency signals in the 77-GHz path. The design, shown in
Fig. 6, consists of five capacitive irises and four resonant cav-
ities, forming a fourth-order Chebyshev filter. This topology
was selected to balance stopband attenuation, compactness,
and manufacturability.

To comply with the LPBF manufacturing constraints, a taper
was added on the SIW input side to transition between WG
heights without violating the minimum printable feature size
of 200 µm. On the output side, such a taper was not feasible
due to impedance mismatches, resulting in a 150 µm step.

Simulation results in Fig. 7 confirm the targeted perfor-
mance: a reflection coefficient better than −15 dB at 77 GHz,
a −10 dB bandwidth of 12 GHz, and an IL of approximately
1.2 dB in the passband. In the stopband (120–140 GHz),
the filter achieves at least 32 dB suppression, validating its
objective to isolate the high-frequency signal.

C. Results of Analytical Model (Step 4)

This section highlights the results of the model introduced
in Section III-D and corresponds to step 4 in Fig. 4. The
model includes both dielectric losses for the SIWs and the
metal conductivity for copper and aluminum for the SIWs and
RWGs. The model, however, does not include additional loss
mechanisms like the SR effect. In the model, the previously
designed LPF is used as a two-port S -parameter block to
predict the behavior of the whole structure accurately.

Optimizing the values using advanced design system [30]
resulted in the S-parameters shown in Fig. 8. As the height
of the SIW sections was fixed by the PCB material, only
the width determined the relevant impedance. The widths for
ZSIW1 and ZSIW2 are 1.45 and 0.98 mm, respectively. The
relevant lengths for the SIW are the length between the two
slots (including taper) LSIW2 + LSIW3 = 1.72 mm and the
termination of the high-band SIW LSIW4 = 0.27 mm.

For the RWG, the widths of the WGs were fixed at the
standardized WG widths of 2.032 and 2.54 mm, for WR-8
and WR-10, respectively. The heights of the RWG at RWGa
and RWGc (see Fig. 3) are 0.45 and 0.25 mm, respectively.
These widths result in the correct impedances to match these
sections to the slots in the SIWs.

The simulations show that it is possible to create a transition
using our concept, which splits both bands to separate RWG
output ports with a large BW and decent isolation. The
isolation in the high band is a lot better compared with the
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Fig. 6. Geometry of the RWG LPF for blocking high-frequency signals (Step 2 of design procedure in Fig. 4). The filter consists of four cavities and four
irises and uses a tapered section on the right to account for the resolution of the manufacturing process. All dimensions in mm.

Fig. 7. Simulation results of the LPF shown in Fig. 6 (Step 2 of design
procedure in Fig. 4) showing over 10 GHz of BW in the low band with
IL around 1.5 dB. The transmission coefficient in the high band is below
−31 dB, providing sufficient filtering.

Fig. 8. Simulated S-parameters of the optimized parameters using the
analytical model shown in Fig. 3 (Step 4 of design procedure in Fig. 4).
These results show a wide BW in both the low- and high-band with losses
less than 1 dB.

low band due to the LPF in the low-band path. Possibly,
improvements can be made by implementing a dedicated
HPF in the high-band path or simply elongating the narrow
SIW or RWG sections. This will, however, lead to a higher
passband IL. Furthermore, higher isolation toward the high-
band port results in a narrower BW in this band as well.
Moreover, the inter-output isolation S 23 aligns closely with
S 13 in the low band and S 23 in the high band, provided by
the low-loss nature of the FST, having impedance-matched
input and output ports. This results in the main focus in the
remainder of this article toward optimizing the S 12 and S 13.

Fig. 9. Schematic of single-ended transition (Step 5 of design procedure in
Fig. 4) showing the metal printed part and the SIW on PCB. Detailed view of
the LPF is shown in Fig. 6. a (the tuning of the short, around half-wavelength)
and b (distance between the two coupling slots) parameters signify important
tuning parameters highlighted in this section. All dimensions in mm.

Fig. 10. Parameter sweeps for parameter a and b in the single FST shown in
Fig. 9 (Step 5 of design procedure in Fig. 4). Parameter a from line 1 to 5:
[0.6, 0.7, 0.8, 0.9, 1] mm, Parameter b is fixed at 1.27 mm. Parameter b from
line 4 to 5: [0.6, 1.27, 0.8, 1] mm, Parameter a is fixed at 0.88 mm.

D. Single-Ended FST (Step 5)

The single-ended FST integrates the SIW-to-RWG interface
and the LPF into a compact structure. As described in Section
III-C, the RWG dimensions were optimized using 1 and the
analytical model to match the SIW impedance. The resulting
RWG heights are 0.44 mm for the low band and 0.25 mm
for the high band. After the transition, these taper to the
standard WR-10 and WR-8 interfaces, respectively. The WR-8
RWG provides natural high-pass filtering close to the cut-off

frequency of 73.77 GHz (2).
The SIW widths were set to 1.45 and 0.98 mm (via center-

to-center) for the low and high bands, using a height of 0.508
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Fig. 11. Sensitivity analysis for the PCB placement on the single-ended
FST shown in Fig. 9 simulated for the common input port. x-error: –20 to
20 µm, y-error: –20 to 20 µm and z-error: 0 to –20 µm. The plot includes the
combined worst error (x-error: −20 µm, y-error: −20 µm, z-error: −20 µm).
These results show that the design is robust against these PCB alignment
errors.

mm. A double row of 200 µm-diameter vias with 300 µm
spacing was used to suppress leakage, particularly for the high-
frequency band.

The low-band slot is 1.35 × 0.07 mm while in the high-
band a slot of 0.82 × 0.24 mm is used. The SIW end is
short-circuited at a distance a (LSIW4 in the analytical model)
approximately half wavelength from the high-frequency cou-
pling slot, while the distance between the two slots is denoted
as b (LSIW2 + LSIW3 in the analytical model). These param-
eters are critical tuning variables and were optimized using
full-wave simulations to minimize reflection and maximize
isolation. The single FST is shown in Fig. 9 and is previously
discussed in more detail in [13].

To indicate the importance of a and b, parameter sweep
graphs are shown in Fig. 10. First, the parameter a is used to
define an optimal short-circuit plane position. A value deemed
to provide a sufficient bandwidth and matching was found to
be 0.88 mm. Second, the parameter b was swept, which was
used to further tune the low- and high-band. A value of 1.27
mm was found to be optimal.

E. Assembly Sensitivity

To validate the robustness of the design against assembly
tolerances, a sensitivity analysis was performed in CST. The
simulation, shown in Fig. 11, evaluates the impact of mis-
alignments in the x, y, and z directions between the metal
block and the PCB shown in Fig. 9. Even under the worst-case
combined error (x = −20 µm, y = −20 µm, and z = −20 µm),
the transition performance maintains acceptable, though with a
slight narrowing of the bandwidth in the low band. The largest
contribution to the error is caused by the z error, which quickly
causes leakage in the high band, lowering the transmission
coefficient. To minimize assembly errors, alignment pins were
added to the metal block.

F. B2B FST Validation (Step 6)

To facilitate measurement and validation, a B2B prototype
was developed. This configuration allows the use of the

standardized WR-10 and WR-8 WG interfaces on both sides
of the structure. A detailed schematic is shown in Fig. 12.

The PCB is mounted using six screws and two alignment
pins. A tight tolerance on the alignment pins ensures accurate
positioning of the PCB relative to the metal block, minimizing
the impact of misalignment, as discussed in the sensitiv-
ity analysis. Additionally, the PCB is seated in a 200 µm
deep recessed cavity for shielding and mechanical stability.
To ensure flat contact and reduce variability, the contact areas
are raised on 100 µm high platforms, visible in the lower left
zoomed-in view of Fig. 12.

V. RESULTS

A. Measurement Setup

To evaluate the performance of the proposed FST, two
dedicated measurement setups were used for the WR-10 and
WR-8 bands, respectively, as shown in Fig. 13. The WR-10
band was measured using WR-12 vector network analyzer
(VNA) extenders with WR-10 to WR-12 transitions. Due to
the absence of a WR-10 calibration kit, a WR-12 calibration
kit was used, and a normalization plane (green line) was intro-
duced to de-embed the WR-10 to WR-12 transition influence.
For the WR-8 band, WR-8 VNA extenders were used directly,
with calibration planes indicated in red.

To ensure proper termination of unused ports, horn antennas
with reflection coefficients of at least −20 dB were employed
to radiate into absorbers, minimizing reflections and ensuring
accurate S-parameter measurements.

While some of these setups involved RWGs excited below
cutoff or outside of the single-mode regime, the measurements
showed good alignment with the simulations. Especially, exit-
ing the RWG outside the single-mode regime can cause some
accuracy problems in the measurement. Nevertheless, in the
simulation, the second-order mode did not propagate through
the structure.

B. B2B RWG Characterization

To isolate the performance of the RWG channels from the
full transition structure, two B2B blocks were fabricated and
measured—one for each frequency band. These blocks, shown
in Fig. 14(b), contain only the RWG paths in Fig. 9 and
not the SIW in PCB. These measurements serve as a way to
distinguish the different losses in this prototype and to validate
the LPF.

Fig. 14(a) shows the WR-10 RWG results. A minor dis-
continuity at 90 GHz corresponds to the transition between
measurement setups. In the passband (60–90 GHz), the
measured IL ranges from 0.8 to 1.6 dB, which is slightly
lower than simulated values. The return loss (RL) is slightly
degraded, and some resonances appear in the stopband
(>100 GHz), likely due to manufacturing tolerances. Nev-
ertheless, the transmission coefficient in this band is mostly
below −30 dB, showing good blockage of signals in the
high-band.

Fig. 14(c) presents the WR-8 band results. The observed IL
in the high-band ranges between 0.6 and 1.9 dB. The reflection
coefficient trend matches simulations, though there is a larger
ripple in the measurement in the high-band. Nevertheless, the
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Fig. 12. Schematic of the B2B prototype (Step 6 of design procedure in Fig. 4) highlighting several parts of the design. Separate insets highlight a
3-D perspective view of the SIW to RWG transition (in blue), the cavity in which the PCB is placed and attached to the metal block (in red), a cut of the
3-D view of the whole FST, and finally the top and bottom of the PCB showing the slots and vias in the SIW (in the black outlines). All dimensions in mm.

Fig. 13. Measurement setups to characterize the FST for the WR-10 band
in (a) and WR-8 band in (b). Horn antennas are used as a matched load
to terminate the open WG ports into absorbers. The red lines indicate the
calibration plane used for these setups.

reflection coefficient remains below −16 dB in the high-band.
The lower frequency cutoff has shifted slightly to a lower
frequency, probably caused by the RWG dimensions being
slightly larger than simulated.

C. Transition Block

The full FST structure, integrating the SIW-to-RWG inter-
face and frequency-splitting functionality, was evaluated using
seven PCBs to assess assembly sensitivity. Fig. 15(a) shows
the WR-10 port performance. A working band is observed
around 80 GHz, with transmission close to simulated values
of −4 dB. However, the reflection coefficient is shifted, with a

narrower BW of only 3.3 GHz compared to the 8.8 GHz that
was simulated.

Fig. 15(b) shows the WR-8 port results. Here, a signifi-
cant mismatch is observed in the matching, primarily due to
deviations in the slot dimensions near the transition. Although
the slots were designed to be 250 µm wide, microscope
measurements revealed widths up to 400 µm. As shown in
Fig. 16, the slots also exhibit rough edges and a deformed
sidewall, further deteriorating the performance. Despite these
issues, the transmission around 130 GHz remains functional,
with an IL of approximately 5 dB in the B2B configuration,
similar to the performance in the low-band and out-performing
alternatives like solder balls [5] and bondwires [6].

To assess the isolation and overall performance of the dual-
band transition, the full S-matrix was measured and is shown
in Fig. 17 (reflection coefficients) and Fig. 18 (transmission
coefficients). These measurements are performed for just a
single PCB. To execute these measurements, the setups in
Fig. 13 were adopted with additional transitions (WR-10 to
WR-8 and WR-10 to WR-12) for proper matching. For some
cases, calibration at the DUT ports was not possible due to
different RWG-sizes. For example, measuring the isolation
between Port 2 (WR-10) and Port 3 (WR-8). In these cases, the
losses were normalized and corrected for in postprocessing.
As for the reflection coefficients, the closest possible cali-
bration plane was used, which often resulted in one or two
taper transitions not being included in the calibration. As for
the reflection coefficients of these taper transitions, they were
deemed to be high enough to neglect.

In the low band, the isolation between channels is at
least 10 dB, achieved only by employing below-cutoff RWG
and SIW sections as seen in Fig. 12. However, due to the
over-sized high-frequency RWGs (see Fig. 16), the isolation
is lower than the simulated 20 dB. This effect is amplified
by the fact that the low band was operating very close to,
but over, the cut-off frequency of the WR-8 RWG, which is
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Fig. 14. (a)–(c) Measurements and simulation for B2B WR-10 RWG and B2B WR-8 RWG blocks, respectively. Both low-band (60–90 GHz) and high-band
(90–140 GHz) performance is shown. The B2B RWG blocks are shown in (b). Due to symmetry, only one simulated reflection coefficient is plotted.

Fig. 15. (a) and (b) Measurements and simulation for the WR-10 and WR-8 port of the transition block in Fig. 12, respectively. The shaded area depicts the
result range over the seven measured PCBs. Due to symmetry, only one simulated reflection coefficient is plotted.

73.77 GHz. A slight shift of this size results in a significantly
smaller attenuation effect. In the high band, the measured
isolation exceeds 30 dB, though simulations predicted values
above 50 dB. The reduced isolation is attributed to manu-
facturing deviations, particularly in the slot geometry. The
interoutput isolation S 23, S 54, S 24, and S 53 follow a similar
trend compared to S 23 in Fig. 8.

VI. DISCUSSION

The results presented in Section V demonstrate the feasi-
bility of the proposed dual-band SIW-to-RWG FST. However,
several practical limitations were observed, primarily stem-
ming from the manufacturing process and its impact on critical
dimensions.

A. Discrepancy Analysis

While the use of LPBF additive manufacturing enabled
rapid prototyping and integration of complex 3-D mmWave
structures at a competitive cost of approximately C1000 for a

B2B block, the technology still faces challenges in achieving
the dimensional precision required for mmWave applica-
tions. In particular, the slot widths at the transition interface,
arguably the most critical region, exhibited deviations of up
to 60% from the intended 250 µm, as shown in Fig. 16.
These deviations led to significant impedance mismatches and
increased IL, especially in the WR-8 band.

In order to find the discrepancies between the measurements
and the simulations, some of the deviations found in the
prototype were implemented into the simulation model. First,
the slot dimensions were altered to match the measured
dimensions in Fig. 16. Second, a misalignment and a bend
were introduced in the PCB. In the prototype, it was observed
that even though the contact area was reduced, the surface was
still not completely flat, resulting in a slightly warped PCB
after assembly. Also, by analyzing microscope images, the
SR was determined. Near the outside edges of the transition,
the critical part of this design, the SR (rms), was found to
be 21 µm, while 4 µm was expected. Furthermore, the SR
(rms) inside the low-band RWG was found to be roughly
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Fig. 16. Microscope image of transition slots on prototype showing deviation
and rough edges. Moreover, a deformed side wall can be seen on the high-
frequency slot (right).

Fig. 17. Measurements and simulation for reflection coefficients of both ports
over the whole frequency band.

Fig. 18. Measurements and simulation for transmission coefficients of both
ports over the whole frequency band.

11 µm, which remains relatively rough. However, the B2B
RWG measurements in Fig. 14 resulted in lower losses than
expected, possibly indicating that the surface roughness (SR)
is not an issue for these designs. This might indicate that,

especially at the transition, smooth walls are hard to achieve.
It will be beneficial to study how to implement these location-
dependent SR inside the simulation model. In CST, the SR is
modeled as a random process with a normal distribution using
the provided SR value. This should be considered when the SR
(rms) is larger than 0.5δ where δ is the skin depth described
by δ = (ρ/π fµ)1/2, where ρ is the resistivity of the material
(9.01 µΩ-cm in our setup [31]), f is the frequency, and µ is
the permeability of the material. In our prototype, 0.5δ corre-
sponds to 0.27 µm at 77 GHz and 0.21 µm at 130 GHz, both
far below the measured SR levels, indicating that conductor
roughness can contribute to excess loss at both frequencies.
Importantly, the roughness sensitivity is expected to increase
with frequency because δ decreases at 130 GHz. However, in
this prototype SR � δ in both bands, placing the structures in
a strongly rough regime where the incremental change from
77 to 130 GHz is comparatively small relative to geometry-
induced mismatch effects. Therefore, in the present prototype,
the measurement discrepancy is expected to be dominated by
geometry-induced mismatches (altered slot dimensions), while
a refined, location-dependent roughness model is left for future
work.

The updated simulations, taking into account the altered
slot dimensions and a misalignment and bend in the PCB, are
shown together with the measurements and old simulations in
Fig. 19 for WR-10 and WR-8. As can be seen, there is more
correlation between the measurements and simulations than
before. In both the updated low- and high-band simulations,
the RL behavior is closer to what is seen in the measurement
data. Furthermore, especially in the high band [Fig. 19(b)] the
new simulated S34 is closer to the measured value. However,
not all deviations can be accounted for because some features
are not reachable by conventional measurement. Potentially, a
more detailed analysis, like an X-ray, of this design can show
these potential deviations in more detail.

B. Comparison With Previous Work

Table I summarizes key measured performance metrics from
recent literature on SIW-to-RWG transitions. While most of
the designs utilize CNC-milling, this work uses metal-only
additive manufacturing, allowing more design freedom.

Furthermore, most prior works focus on single-band transi-
tions and do not address the integration of frequency-splitting.
To the author’s best knowledge, this article is the only one
to address such a high frequency for a FST. For example,
[16], [17], and [33] report low-loss transitions using transverse
coupling and gap-WG techniques, but these require complex
assembly and are not easily scalable to dual-band systems.
The vertical transition approach used in this work offers better
mechanical robustness and integration potential. While the
measured IL of 0.8–1.6 dB (WR-10) and 0.6–1.9 dB (WR-8)
for the RWG B2B blocks is competitive, the full transition
structure exhibited higher losses due to the aforementioned
deviations in fabricating the slots. Furthermore, comparing the
isolation to [11] and [12] shows worse performance. However,
these designs operate at frequencies below 32 GHz and focus
on the diplexing behavior rather than on the transition. More-
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Fig. 19. (a) and (b) Updated simulation taking into account manufacturing effects, compared to original simulation and measurements for the WR-10 and
WR-8 bands, respectively. The updated simulations show a closer match to the measured values. The shaded area depicts the result range over the seven
measured PCBs.

TABLE I
COMPARISON WITH PREVIOUSLY PUBLISHED DESIGNS

over, increasing the isolation in the low-band of the present
design is possible by using a HPF, as previously discussed.

C. Design Improvements and Future Work

The current design relies on WG cut-off behavior for band
separation in the high-frequency path. While this approach
simplifies the structure, it also limits isolation performance.
As shown in Fig. 18, the measured isolation in the low band
was at least 10 dB, which is significantly lower than the
simulated 20 dB. To improve this, a dedicated HPF could
be added to the 130-GHz path, improving the isolation to
over 30 dB, similar to the LPF implemented for the
77-GHz channel (see Section IV). Moreover, the RWG could
deviate from the standard WR-8 interface. Simulations have
shown that by decreasing the width of the RWG by 0.3 mm,

the isolation can be improved by roughly 18 dB while the
matching in the high-band only deteriorates slightly.

Even though micromilling would require split-block
assembly, it might be interesting to investigate for FST
manufacturing. Although more costly and time-consuming,
such methods offer superior dimensional control and
surface finish, which are critical for high-frequency
transitions.

Moreover, the sensitivity analysis in Fig. 11 highlighted
the importance of precise PCB alignment. Although the
alignment pins were included in the design, further improve-
ments in mechanical stability and assembly procedures
could help reduce variability across prototypes. Alterna-
tively, conductive adhesive paste could be used to better
bond the PCB to the metal package and ensure proper
contact.
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Finally, the integration of active components and antenna
arrays will be investigated to demonstrate full system-level
performance.

VII. CONCLUSION

This article presented a novel dual-band SIW-to-RWG
FST, targeting future automotive radar systems operating
at 77 and 130 GHz. To the author’s best knowledge, this is
the first FST reported in the literature for these frequencies.
The proposed structure enables compact and efficient routing
from a single BFIC to two separate antenna arrays as shown in
Fig. 1, leveraging WG-based filtering and metal-only additive
manufacturing for high-frequency integration.

Experimental results confirmed the feasibility of the con-
cept, with measured ILs of 0.8–1.6 dB (WR-10) and
0.6–1.9 dB (WR-8) for the RWG blocks. However, deviations
in critical dimensions, particularly the coupled slot widths at
the transition interface, led to increased mismatch and reduced
isolation in the full transition structure, resulting in a single-
ended IL around 2.5 dB for both bands.

Despite the observed limitations, the measured results val-
idate the core design concept and integration: a compact,
dual-band transition structure that enables efficient routing
from a single BFIC to two separate antenna arrays. The
architecture supports a future extension to joint communi-
cation and sensing (JCAS), where radar and communication
systems are co-designed to share hardware, spectrum, and
signal processing resources. By enabling dual-band operation
within a compact, monolithic package, the proposed solution
addresses key challenges in JCAS implementation such as
minimizing IL, reducing system complexity, and supporting
high-resolution sensing alongside robust communication.
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