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Abstract—This paper presents a novel dual-band transition
from a substrate-integrated waveguide (SIW) to two air-filled
waveguides (WGs) operating at 77 GHz and 130 GHz, targeting
applications such as automotive radar systems. The proposed
structure incorporates a diplexing mechanism to effectively com-
bine/separate the two frequency bands, allowing them to share
a common WG environment while keeping their signals distinct.
The diplexer consists of a filter in the 77 GHz WG, blocking
the 130 GHz signals, and a below cut-off SIW and WG in the
130 GHz signal path, providing inherent filtering for the 77 GHz
signal. This inherit filtering helps minimize the size compared to
that of classical filter-type diplexers. The reduced size comes at
the cost of a lower isolation between the two WG outputs. The
proposed structure overcomes the limitations of existing single-
band transition designs by reducing the insertion loss to below
1 dB in each band, achieving a wide bandwidth, and ensuring
good matching performance. Furthermore, the predicted isolation
is at least 15 dB at 77 GHz and at least 40 dB at 130 GHz, and
an insertion loss of 0.6 dB at 77 GHz and 0.4 dB at 130 GHz
is achieved. The insertion loss is increased by the inclusion of
surface roughness in the metal mainly at 77 GHz due to the
presence of the filter.

Index Terms—Dual-frequency, 77GHz, 130GHz, transition,
waveguide filter, diplexer, SIW

I. INTRODUCTION

As the carrier frequency of modern communication and
sensing systems continues to increase, so do the losses as-
sociated with transferring these signals from an integrated
circuit (IC) to the antennas. An example of increased losses
can be seen in solder ball transitions [1], which are present
in many millimeter-wave (mmWave) products and carry the
RF signals from an IC to a PCB carrier. Besides the increased
transition losses, printed transmission line losses increase with
frequency as well and are restricted in using vertical transitions
due to additional losses created by much-used via structures.
A possible solution to both problems is to launch the signals
from an IC directly into a waveguide (WG) structure, reducing
the transition loss and routing losses while maintaining a high
degree of freedom. In this way, an IC could, for instance, be
connected directly to WG antennas in a low-loss manner.

In general, two types of transition between an IC and a
WG can be distinguished: a transverse (inline) and a vertical
(orthogonal) transition. Examples of transverse transitions are
shown in [2]–[5] and examples of vertical transitions are

shown in [6]–[8]. As is evident in these prototypes, there is a
great variety in complexity for these designs. Preferably, such a
transition would consist of accessible cost-effective solutions,
a structure that is low-sensitive to positioning errors and allows
for a lot of freedom in routing the metal WGs.

One of the applications at mmWave frequencies that will
see increased activity in the coming years is automotive radar,
caused by the goal to have self-driving cars, which require
more and more accurate data of their surroundings. From an
IC perspective, it might be interesting to combine hardware
between the 77 GHz and 130 GHz automotive radar bands
to minimize the chip area and reduce costs. Furthermore,
aggregating data at two different frequencies on-chip might
lead to more efficient detection and mapping. However, from
an antenna perspective, there are some constraints when cre-
ating an extreme wideband antenna array. The largest antenna
element size, dictated by the lowest frequency, typically does
not fit in the allowed array grid spacing of half-wavelength,
dictated by the highest frequency to avoid grating lobes.
A solution is to split the RF output of this IC into two
different antenna arrays, allowing both arrays to be optimized
without compromise. This routing flexibility would be possible
in metal WGs because of their low loss per unit length.
Nevertheless, this solution requires a diplexer at the IC output
to effectively decouple the two distinct antenna arrays.

To tackle the aforementioned problems, this paper proposes
using a low-loss dual-band vertical transition from a substrate-
integrated waveguide (SIW) to two air-filled WGs operating
at 77 GHz and 130 GHz, having an integrated duplexing
functionality. Such an SIW can either be incorporated di-
rectly on-wafer or be implemented on an intermediate planar
structure. In this study, the vertical transition architecture
is selected, allowing more design flexibility for dual-band
operation and lower positioning sensitivity compared to the
inline architecture. Moreover, assembly of the vertical transi-
tion is simpler due to many horizontal transitions requiring
a split-block assembly. By addressing the shortcomings of
aforementioned designs and by expanding the concept to a
dual-band implementation a novel transition is proposed.

The paper is structured as follows; the design is discussed
in Section II after which simulation results are shared in
Section III. Finally, a discussion and conclusion are presented
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Fig. 1. Block diagram of the proposed transition highlighing the ports and
important metrics.

in Section IV.

II. DESIGN

In the remainder of this paper Port 1 refers to the common
77 GHz and 130 GHz SIW port on the PCB, whereas Port 2
and Port 3 correspond with the 77 GHz and 130 GHz ports of
the air-filled WG, respectively, as seen in the block diagram
in Fig. 1.

The prototype consists of a metal part that includes the low-
band and high-band WG blocks and the low-pass filter (LPF)
block, and a PCB part which includes the SIW blocks and
both transition blocks. Instead of embedding a classical 2-
filter diplexer inside the metal block, it was decided to use
the coupling mechanism from the SIW to metal WGs as part
of the filtering capabilities of the diplexer. This reduces the
size of the design and also eases the requirements on the
coupling transition, as these only need to be optimized for a
single frequency range. For the frequency output at 130 GHz,
a tapered SIW is used to filter out the 77 GHz band, for
which the tapered section’s output SIW is below the TE10
mode cut-off. So, the two transitions together with the LPF
act as the diplexer in this design. The important metrics to
optimize for this transition are the reflection coefficient, S11,
the transmission coefficients, S21 and S31, and the mutual
coupling, S23. This last parameter is specifically relevant for
dual-band transition. Some relevant sources are summarized in
Table I together with the type of transition. The type includes
whether it is a transverse or vertical transition.

The proposed design is shown in Fig. 2 where the tapered
section can be seen in the green dashed area. In this graph, the
two coupling slots are also shown which are used to couple
to the two separate WGs in the metal block.

For the low-band WG at Port 2, the transmission of the
130 GHz signal is not blocked. Therefore, a four-stage LPF
is implemented in the the same WG environment to filter out
the high-band components and provide their high-efficiency
transmission towards Port 3. The LPF is implemented in
the E-plane by using capacitive irises and cavities. The LPF

TABLE I
IMPORTANT METRICS FROM MEASURED DESIGNS IN LITERATURE. BW:

BANDWIDTH, IL: INSERTION LOSS, RL: RETURN LOSS

Ref. BW (GHz) IL (dB)
(single)

RL
(dB) Type

[2] 85− 105(21%)
0.5 −
0.75

≥ 10
Transverse. SIW
to ridge WG (gap-
wave)

[3] 40− 60(40%) ≤ 2.51 ≥ 8
Transverse. Probe-
coupling

[4] 80− 114 ≤ 0.4 ≥ 13
Transverse. Cavity
with probe (gap-
wave)

[5] 75− 110 ≤ 0.8 ≥ 10
Transverse. SIW to
ridge WG

[6] 85.7− 104.5
1.7 −
2.3

≥ 10
Vertical. Slot-
coupled rectangular
patch

[7] 24.5− 37.8 < 0.3 ≥ 10
Vertical. Aperture to
stepped ridge WG

[8] 54− 67 ≤ 0.58 ≥ 11
Vertical. Slot to slot-
coupled rectangular
patch

1 Includes measurement adapter losses

provides a highly suppressed stopband in between 120GHz to
140GHz. During synthesis, the LPF feature size was restricted
to 100 um to make sure manufacturability is guaranteed.

The SIW is realized by simply creating rows of vias with
an electrically small spacing in between two ground planes.
A 0.508 mm thick RO4003C substrate is used for the PCB
substrate. It has a relative permittivity of ϵr = 3.38 and a loss
tangent tan δ = 0.0027. The vias are spaced 300 µm apart
with an outer via diameter of 200 um. An additional row of
vias is placed along the internal row to make sure leakage is
minimized in the high-band.

As seen in Fig. 2, the WGs are routed in two different
directions. This was deliberately chosen so that testing is easier
when connecting external WG test ports. This was also the
reason for introducing the bend in the Port 2 WG section
allowing for back-to-back structure testing.

The impedance-matching optimization resulted in the low-
frequency coupling slot being electrically narrow, providing
the transition operation in the aperture-coupling manner. At
the same time, the electrically wide high-frequency coupling
slot provides a transition operation similar to the 90-degree
E-plane WG bend. The extension of the SIW after the second
slot is 0.66 mm, which is approximately λ

2 at 130 GHz, is used
to provide extra space required to accommodate the coupling
slot while preserving impedance matching. The air-filled WGs
themselves are also thinner, compared to the rectangular EIA
WG standards, to match their characteristic impedance to the
SIW. The characteristic impedance of WGs can be evaluated
with [9], [10]

Z =
Z∞√

1− ( fcf )2
, (1)

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

Z∞ =
π2

8

120π
√
ϵr

H

W ′ , fc =
c0

2W ′√ϵr
, (2)

where ϵr is the relative permitivitty, c0 is the speed of light in
vacuum, H is the height of the WG and W ′ the effective width
of the WG. This effective width is the physical width for the
air-filled WG and is described by W ′

SIW = WSIW − D2

0.95P
for the SIW, where D and P are the via diameter and period,
respectively.

The resulting heights of the air-filled WGs after some
manual optimization are 0.44 mm and 0.25 mm for 77 GHz
and 130 GHz, respectively. Each of the WG channels tapers
to standard WR-12 for Port 2 and WR-8 for Port 3 after
the transition. The resulting SIW widths for a fixed height
of 0.508 mm are 1.25 mm and 0.78 mm for 77 GHz and
130 GHz, respectively.

III. RESULTS

All simulations were performed in CST studio suite with
the frequency domain solver. The first component which was
simulated was the LPF. The response of the LPF can be
seen in Fig. 3. All of the metal blocks were designed from
aluminum. As it is yet unknown in which process the metal
block is going to be manufactured, a surface roughness of
Ra = 4 um was used for comparison with a simulation
neglecting surface roughness. This surface roughness would
be achievable with a selective laser melting (SLM) 3D printer
after using post-processing on the part [11]. The advantage of
3D printing this part would be the fact that no split-block
assembly is needed as this will inevitably lead to leakage

between the two halves at 130 GHz. The results in Fig. 3
show that the surface roughness increases the insertion loss by
approximately 0.5 dB at 77 GHz. There is a wide impedance
match in the low-band and a high isolation of at least 30 dB
in the high-band.
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Fig. 3. S-parameters of the LPF, with and without surface roughness,
including a zoomed plot of the transmission coefficient on the right axes.

In Fig. 4 the S-parameters for the single-ended transition,
shown in Fig. 2, are plotted. The reflection coefficient around
77 GHz and 130 GHz is below −15 dB with the insertion loss
being around 0.6 dB for the low-band and around 0.4 dB for
the high-band. The −10-dB BW is 4.5 GHz and 29 GHz for
the 77 GHz and 130 GHz bands, respectively. Note that these
results are without including surface roughness.

The isolation between the different ports can be seen in
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Fig. 5. As is evident from this plot, the transmission coefficient
S31 is below −15 dB at 77 GHz. This isolation is mainly
caused by the tapered SIW, and a WG size at Port 3 which
is below cut-off for 77 GHz. If stricter isolation requirements
are necessary, an additional filter can also be implemented in
the Port 3 WG as well. Alternatively, a longer below-cut-off
SIW section can also be implemented to increase isolation.
Looking at the high-band it can be seen that the isolation is
better than 40 dB which is due to the LPF in the WG for Port
2. If a higher isolation is required this LPF can be increased
in order. However, this will lead to higher losses at 77 GHz.
If a smaller isolation is required, the losses at 77 GHz can be
minimized by reducing the order of the LPF.
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Fig. 5. Transmission coefficients of the single-ended transition.

Although losses are expected to be higher in the high-
frequency WG, this is actually not the case. The higher losses
in the low-frequency WG can be attributed to the filter. This
can be visualized by plotting the losses as seen in Fig. 6.
While the dielectric losses are higher at 130 GHz compared
to 77 GHz, the aluminum losses are higher in the low-band.
Due to additional bounces of the electromagnetic waves in
this filter, there is more attenuation explaining the difference
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Fig. 6. Losses of the single-ended transition for an excitation of 0.5 W from
Port 1.

with the 130 GHz WG. A plot of the metal loss in aluminum
with a surface roughness of Ra = 4 µm in Fig. 6. A non-zero
surface roughness makes even clearer the difference in losses
between 77 GHz and 130 GHz and sketches a more realistic
scenario for a manufactured prototype.

While these results only show simulated values, they are
similar or performing better than the designs operating in
between 70GHz to 130GHz reported in Table I. Additionally,
these designs do not offer dual-band support. Nevertheless,
some of the lower-frequency designs report better IL, mainly
due to additional losses the diplexing part of this transition
introduces.

IV. CONCLUSION

In this paper, a vertical SIW-to-metal WG transition is
proposed, incorporating diplexing functionality. The dual-band
SIW is able to diplex the RF signals in two distinct metal WGs
operating at 77 GHz and 130 GHz. This design offers dual-
band operation without sacrificing performance when using a
single dual-frequency transition. Furthermore, it allows future
automotive applications to aggregate data from two separate
antenna systems working at 77 GHz and 130 GHz into a single
IC. Moreover, the diplexer inside the transition is not as bulky
as classical filter-based diplexers. This comes at the cost of a
lower isolation.

The transition is able to achieve a 0.6 dB loss in the low-
frequency band at 77 GHz while in the high-band at 130 GHz
it achieves a 0.4 dB loss. The isolation is at least 15 dB at
77 GHz and at least 40 dB at 130 GHz. It should be mentioned
that due to the fact that the manufacturing method is not
yet decided, it is not known what additional losses will be
introduced. However, a realistic surface roughness is simulated
for the metal blocks to investigate their additional losses.

It important to note that some of the losses in this design
are due to the fact that the WGs taper outwards. This was
done deliberately to ease future placement of external WG
connectors for testing purposes. In a final implementation of
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this transition this would not be necessary as the WGs will
route to the antennas with the least possible length. Some
remaining points for future research will be focused around the
actual assembly and measuring of this design. Furthermore, a
detailed analysis of the losses, highlighting what the actual
transition loss is and what is caused by additional routing,
would be an insightful addition to this work.
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