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Abstract—A D-band transition from silicon–germanium
(SiGe) monolithic microwave integrated circuit to waveguide
(MMIC-WG) is proposed in this letter. The transition includes
a slot etched in the chip’s ground plane and a two-stage
step in a metal waveguide. The slot works as a launcher for
contactless electromagnetic field coupling, fed by a shorted
microstrip line, while the step is an impedance transformer.
As the assembly requires splitting the waveguide along
the H-plane, glide-symmetric holes in a multilayer waveg-
uide (MLW) are introduced as an electromagnetic bandgap
(EBG) structure to suppress leakage, different from metal
pins used in an H-split rectangular waveguide (RWG). As
a proof of concept, a back-to-back (B2B) transition is
fabricated based on MLW technology with an additional
H-split RWG design as a reference. Measurement results show the
proposed transitions have 2-dB insertion loss, in good agreement
with the simulation. In addition, packaged receivers are also
presented to validate the feasibility of the proposed transitions
for sub-THz system integration.

Index Terms—Back-to-back (B2B), D-band monolithic
microwave integrated circuit to waveguide (MMIC-WG)
transition, electromagnetic bandgap (EBG), multilayer
waveguide (MLW), packaged receiver, silicon–germanium
(SiGe).

I. INTRODUCTION

SUB-THZ is a key technology in high-data-rate communi-
cation systems. With large absolute bandwidth, a sub-THz

system can reach up to 100-Gbps data rate in practice, with
potential to realize 1 Tbps target in 2030 [1], [2]. Though
the performance of sub-THz components has greatly improved
over the past years, the delivery of RF signals still needs
a practical solution, as traditional contact methods have a
worse parasitic effect, leading to increased loss and reduced
bandwidth. In addition, integrating transition design based on
commercial MMIC’s process is also a challenge in sub-THz.

The performance of a transition is related to the specifics
of the process and interface. In sub-THz, a printed circuit
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Fig. 1. Core structure and MMIC used in the transition design.

board (PCB) substrate is available, while still showing high
insertion loss and design complexity [3]. Considering a con-
tactless MMIC-WG transition without a direct current path,
the key is the realization of an on-chip coupling structure and
corresponding matching structures in the waveguide. Antenna-
style launchers like bow tie and patch show good transition
performance in quartz process [4], [5]. Such structures are
easy to utilize in similar processes such as gallium arsenide
(GaAs) [6], [7], and indium phosphide (InP) [8], but few
of them are integrated with transceivers, especially in sub-
THz bands. Silicon-based process, however, can provide a
package solution to a fully integrated sub-THz system. Though
the conductivity of on-chip metal and resistivity of silicon
become extra sources of transition loss [9], proved by previ-
ous silicon–germanium (SiGe) BiCMOS solutions [10], [11],
techniques like localized backside etching (LBE) can remove
silicon under the launcher to reduce the loss [12].

In this letter, a D-band MMIC-WG transition is proposed
based on Infineon B11HFC SiGe BiCMOS process with
stack-up, as shown in Fig. 1. The core structure of the
transition includes a slot in a SiGe chip and steps in a waveg-
uide, realizing contactless coupling and impedance matching,
respectively. Electromagnetic bandgap (EBG) structures are
introduced to suppress leakage from the possible air gap
between different blocks and layers. For fabrication simplicity,
the waveguide is sliced into pieces, forming a multilayer
waveguide (MLW), with glide-symmetric holes along its trans-
mission channel. As a reference, H-split RWG with pins is
used in transition design as well. Measurement results show
the proposed transitions achieve low insertion loss and wide
bandwidth in the SiGe process. Proved by packaged receiver
designs, they can be used for the packaging of SiGe MMIC
as well.

II. ANALYSIS AND DESIGN

The proposed MMIC to waveguide transition is based on
an on-chip slot for electromagnetic coupling and steps in the
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waveguide for impedance matching, as shown in Fig. 1. For
chip attachment, the waveguide is split along its H-plane,
which makes it difficult to achieve good electrical contact in
reality, leading to leakage from the airgap between different
blocks. In this letter, pins in an H-split rectangular waveguide
(RWG) and glide-symmetric holes in MLW are applied and
compared, both showing the ability to suppress the field
leakage.

A. Core Transition Design

The core design of the proposed transition can be divided
into two parts, namely the chip launcher and waveguide
structure.

The on-chip slot is half-wavelength and soldered along the
propagation direction of the waveguide for mode matching. It
acts as an antenna-style launcher for electromagnetic coupling
from the chip to the waveguide. Fig. 1 shows the simulated
radiation pattern. A 50 Ω microstrip line on M6 is used for
excitation and is shorted by an M6-to-M4 via to avoid the
larger size of traditional capacitive-load feeding. The slot in
the ground plane occupies M1-to-M4 metal layers, with a
surrounding via array to prevent field dissipation between the
ground planes.

The quarter-wavelength WG steps are introduced for
impedance matching between ZS = Z0 = 50 Ω on-chip line and
the WR-6.5 waveguide with effective characteristic impedance
of ZL = Z3 = 247 Ω [15]. The initial dimensions of the WG
steps can be calculated with Z1 = 111 Ω and Z2 = 166 Ω using
second order binomial response (n = 0, 1, . . . ,N and N = 2)
in the following equation:

ln
Zn+1

Zn
= 2−N N!

(N − n)!n!
· ln

ZL

ZS
. (1)

Calculated from Zdiople × Zslot = η2
0/4εr where εr = 4

is dielectric constant of S iO2 and Zdiople = 70 Ω and the
impedance of on-chip slot launcher is 127 Ω and a little higher
than Z1 [16]. Simulation software HFSS is applied to optimize
the step sizes for a better matching result. Finally, the steps’
parameters are L1 = 0.4, L2 = 0.45, H1 = 0.14, H2 = 0.2,
and H3 = 0.2 (unit: mm) marked in Fig. 1. Due to different
heights of waveguide transmission channels, which will be
explained later, the matching results are slightly different in
H-split RWG and MLW transition designs, though sharing the
same step sizes.

The position of the slot launcher inside the waveguide
affects the reverse transmission from the open end of the
waveguide; consequently, the return loss. With simulation
optimization, the detailed size of the on-chip slot is shown in
Fig. 1. In addition, the slot launcher is dielectric loaded with
the silicon substrate beneath. Consequently, the thickness of
the silicon substrate influences impedance matching, requiring
thinning down the silicon wafer or the matching function of
stepped waveguide works in other frequencies. As a result,
the thickness of the silicon substrate (H) is reduced from the
original 185 to 150 µm.

B. Leakage Suppression by EBG

As shown in Fig. 1, the waveguide is split to make possible
the assembly. The gap indicated in Fig. 1 introduces leakage

Fig. 2. Pins and glide-symmetric holes used in H-split RWG and MLW with
simulated bandgap (gap = 0.01 mm). (a) Pins. (b) Glide-symmetric holes.
(c) Pins bandgap. (d) Holes bandgap.

Fig. 3. Experimental results of H-split RWG and MLW with photographs.
(a) H-split RWG photographs. (b) MLW photographs. (c) H-split RWG
performance. (d) MLW performance. (e) H-split RWG loss. (f) MLW loss.

as it interrupts the current path in the waveguide walls. To
mitigate this problem, EBG structures are commonly utilized
in suppressing field leakage. Vertical metal pin array, as shown
in Fig. 2(a), is one option. With properly parameter setting,
pins show a wide stopband in D-band for leakage suppression.
The drawback of pins is related to the manufacturing process,
restricting their application to higher frequencies.

Instead of machining vertical pins, chemical etching can
realize small patterns on a thin metal sheet. The minimum
pattern size is related to the thickness of the metal sheet,
making it a good candidate for sub-THz waveguide structure
fabrication. If the waveguide is realized by sticking several
metal layers, leakage from the interface between the layers
needs to be addressed. Therefore, glide-symmetric holes are
introduced in MLW in practice [13]. As shown in Fig. 2(b),
the periodic holes also present a stopband covering the whole
D-band, with less difficulty in fabrication.
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Fig. 4. Simulated and measured results of H-split RWG and MLW B2B
transitions with photographs. (a) photographs of B2B transitions with mea-
surement setup. (b) H-split RWG w/o chip. (c) MLW w/o chip. (d) H-split
RWG with chip. (e) MLW with a chip. (f) H-split RWG per transition loss.
(g) MLW per transition loss.

TABLE I
COMPARISON BETWEEN PROPOSED TRANSITION AND RELEVANT WORKS

To prove glide-symmetric holes and pins are both feasible
in the proposed transition design, a straight H-split RWG with
pins and a six-layer MLW with glide-symmetric holes are
fabricated and measured, as illustrated in Fig. 3. The H-split
RWG has two rows of pins along both transmission sides,
with the pins’ size given in Fig. 2(a), made of aluminum.
To the six-layer MLW, the transmission channel is etched
in the middle four copper sheets, covered by the top and
bottom sheets. The glide-symmetric holes are introduced in
all layers for leakage suppression. Because each copper sheet
is 0.2 mm thick according to the etching process, the height
of the transmission waveguide in MLW is 0.8 mm if ignor-
ing the airgap, slightly different from the WR-6.5 standard
(1.651 × 0.8255 mm). Its influence on impedance matching
is eliminated by optimizing the step sizes, and the connection

Fig. 5. Measured transition loss in H-split RWG and MLW packaged
receivers, compensated by RX gain and IF path loss while including on-chip
line loss and waveguide loss. (a) H-split RWG RX. (b) MLW RX. (c) RWG
transition loss in RX. (d) MLW transition loss in RX.

with other WG port components is still available by a vertical
WR-6.5 interface using a discrete stepped bend structure, as
shown in Fig. 3(b). To prevent bending and twisting during
measurement, the thin MLW is pressed by two aluminum
metal blocks, becoming a sandwiched structure. According
to measurement results, the two waveguides both have good
transmission performance in D-band, with loss per length
(dB/mm) shown in Fig. 3(e) and (f).

III. MEASUREMENT AND INTEGRATION

A. B2B Verification
With the core transition design and leakage suppression

techniques presented above, the proposed transition is realized
in MLW and also in H-split RWG as a reference. Back-to-
back (B2B) structure is chosen for performance verification.
To suppress the unwanted waveguide through-mode in the B2B
structure, extra pins are added in the lids of the H-split RWG
and the top metal block in MLW to reduce coupling between
the two waveguide channels. The restricted minimum fabri-
cation size allows only one row of pins in the H-split RWG
lid when including the required cavity. However, independent
fabrication processes between copper sheets and aluminum
blocks in MLW transition make two rows of D-band pins
feasible when the cavity is etched in the top sheet. As a result,
MLW B2B transition shows better waveguide through-mode
suppression, although both of them offer enough suppression
within the transition band. The fabricated B2B transitions are
shown in Fig. 4(a), together with the measurement setups.

As shown in Fig. 4, the proposed H-split RWG and MLW
transitions show 3-dB bandwidth with −10-dB return loss
between 120.8–155.8 GHz and 117.9–162.8 GHz, respectively.
Compensated by waveguide transmission loss, the two B2B
transitions give insertion loss of 6.5 and 6.7 dB at center
frequency, proving MLW can be a replacement for H-split
RWG with similar performance. Here, the transition loss is
increased with several loss contributions, including on-chip
transmission line loss, on-chip conductor loss, and dissipation
in low-resistivity silicon substrate. The on-chip line loss of
2.58 dB is partly due to the conductivity of the chip metal
layers. Thus, the per transition loss is calculated to be 1.96 and
2.06 dB in H-split RWG and MLW design, respectively. The
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on-chip metal conductivity and silicon resistivity are process-
based, leading to bandwidth reduction and loss increment, and
consequently account for over 70% transition loss compared
with simulation using ideal on-chip conditions. Table I gives
the comparison between the proposed transitions and relevant
work found in the literature.

B. Packaged Receivers
The H-split RWG and MLW transitions are then applied

in the package of a D-band receiver [14], as shown in
Fig. 5. The radio frequency (RF) signal is received by the
on-chip slot, directly cascaded at the input of the low-noise
amplifier in RX. The local oscillator (LO) and intermediate
frequency (IF) pads are connected to transmission lines on a
10-mil-thick RO4350B PCB by wire bonding. The sizes of
H-split RWG and MLW packaged receivers are 56.8 × 46 ×
25.8 and 56.6 × 55.6 × 12.2 (unit: mm), respectively. Mea-
sured results are presented in Fig. 5, compensated by on-chip
measured RX conversion gain and IF path loss. They represent
the practical transition loss, including extra on-chip line and
waveguide loss, when using the proposed H-split RWG and
MLW transition in a real D-band system.

Referring to Figs. 4 and 5, MLW-based transition shows
the same insertion loss as H-split RWG design. Though the
assembly needs extra stages, the MLW solution shows easier
EBG fabrication, leading to lower cost and higher stability.
In addition, the MLW package solution is more flexible in
integrating with active circuits or antennas due to its sliced
metal pieces, helping to avoid being divided into more blocks.

IV. CONCLUSION

In this letter, a MMIC-WG transition is proposed based on
the SiGe process and MLW technology. A slot in the ground
plane integrated onto the MMIC and impedance matching
steps in the waveguide constitute the transition structure. Pins
and glide-symmetric holes are introduced to reduce leakage
from split metal blocks and layers. Compared with the H-
split RWG transition, the proposed MLW transition shows the
same performance, but is more flexible in assembly and cost
efficient. The proposed transition is used to package an RX
MMIC, showing applicability in future sub-THz communica-
tion systems.
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