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Abstract— This letter presents a G-band mode-coupler-based
multimode Si dielectric waveguide (DWG) for multidrop sub-
THz/THz interconnect. Three types of mode couplers, i.e., quasi-
transverse electromagnetic (TEM) to E;, mode, E;, to E}, mode,
and E;, to E;, mode, are designed and demonstrated. The
quasi-TEM to Ely1 coupler works as microstrip line (MSL)-to-
DWG transition. E;, to E;, and Ej, to E;; mode couplers
enable two more mode transmissions along the bus waveguide
through the dedicated couplers where the phase match condition
is satisfied. Tapers are used as the smooth transition between
DWG sections, as well as mode filters to reduce the crosstalk
between modes in (de)multiplexers. The measured minimum
transition loss is about 5 dB with the 3-dB bandwidth of 143-200,
151-185, and 155-174 GHz for the three modes, respectively, and
the measured crosstalk between modes is less than —26 dB.

Index Terms— Communication, dielectric waveguide (DWG),
E]\, E},, E3, G-band, interconnect, mode coupler, multidrop,
nano-manufacturing, quasi-transverse electromagnetic (TEM),
sub-THz, THz.

I. INTRODUCTION

CCORDING to Shannon-Hartley’s theorem, channel

bandwidth and transition loss, determining signal-to-
noise ratio (SNR), are the key factors to limiting communica-
tion systems’ data capacities. High-resistivity Si (¢, = 11.7,
tand = 0.001 [1]) dielectric waveguide (DWG)-based sub-
THz/THz interconnect holds high potentials to address the
long-standing challenge to satisfy ever-increasing data rate and
energy efficiency requirements by leveraging the advantages of
both electrical and optical interconnects, especially in the most
challenging meter-range scenario [2].

Single-channel transmission in a waveguide has great
advancements but is approaching the ceiling due to the con-
straint of active baseband circuits [3]. It is highly desired
to adopt multiplexing schemes, such as frequency division
multiplexing (FDM), coding division multiplexing (CDM),
mode division multiplexing (MDM), and spatial division mul-
tiplexing (SDM), to make full use of the available bandwidth
of waveguides, relieve the design burdens of active circuits,
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Fig. 1. (a) 3-D view of the new mode-coupler-based multimode Si DWG
and (b) top view of mode couplers.

and further expand the data capacity of interconnect systems.
(De)Multiplexer, a critical component in data links, is respon-
sible for combining the channelized signal at the transmitter
side and distributing signals correspondingly at the receiver
side. It is required to have wide bandwidth to support high
date rates, low loss to guarantee SNR, and high isolation to
reject crosstalk. MDM [4], FDM [5], [6], [7], and SDM ([8]
multiplexers have been investigated and achieved competitive
performances.

This letter presents a novel SDM (de)multiplexer based on
three types of mode couplers. It is fabricated in-house with
nano-manufacturing processes. The quasi-transverse electro-
magnetic (TEM) to E7|, Ej, to E;, and Ej, to Ej, couplers
are elaborated in Section II. To evaluate the idea, couplers
are cascaded with bending and tapers and form the compact
multiplexer, which allows three modes transmitting in the
multimode Si DWG with less than —26-dB crosstalk for
multidrop sub-THz/THz interconnect.

II. MULTIMODE S1 DWG

The G-band mode-coupler-based multimode Si DWG is
shown in Fig. 1(a), which is built with a multiplexer,

2771-957X © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Univ of Calif Davis. Downloaded on October 26,2023 at 04:11:33 UTC from IEEE Xplore. Restrictions apply.



648 IEEE MICROWAVE AND WIRELESS TECHNOLOGY LETTERS, VOL. 33, NO. 6, JUNE 2023

y
E31 No

sl

o E21 wo
ni

T++lli+

—_—

e IEaPp!

Fig. 2. E-field profiles of the Ej,, E{|, and E}; modes in a multimode
Si DWG with a height of 525 um and a width of 1200 um (a) vector and
(b) magnitude.
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Fig. 3. Simulated effective refractive index neg for the three modes (Ef 1

E3, and E})) of a Si DWG versus width at 165 GHz.

multimode Si DWG, and demultiplexer on the other side. The
bidirectional structure has six ports to excite and demultiplex
Ej, (Pl and P2), E;; (P3 and P4), and Ej, (P5 and P6),
respectively, and independently. Three types of mode couplers
construct the (de)multiplexer, as shown in Fig. 1(b). Quasi-
TEM to Ej, mode coupler working as a microstrip line
(MSL)-to-DWG transition is fabricated on the 100-pum quartz.
It generates and feeds Ej; mode to all the ports of Si DWG.
Ej, to Ey, and Ej, to E3, mode couplers convert Ej; into
higher order modes at P3 and PS5, and then three modes are
generated, combined, and transmitted in the shared common
waveguide in the center.

A. Multimode Si DWG Bus

The common section of the Si DWG should support mul-
tiple modes simultaneously. If only considering y-polarized
modes, Ej|, E;,, and E;;, whose E-field profiles are shown
in Fig. 2, can exist together when the width of DWG is larger
than 620 um, which is decided by the effective refractive index
nes in Fig. 3. In other words, higher order modes, such as Egl
and E3|, will be rejected or allowed in a DWG by simply
reducing or increasing the waveguide width. This is similar
as the operation principle of fiber mode filters to filter out
undesired higher order modes [9]. For a rectangular Si core
(refractive index n; = 3.45, cross-sectional area: H x W pum?)
with air cladding (refractive index ny = 1), the n.g and E-field
profiles of all the eigen modes are determined and solved by
the graphic approach [10] at a given frequency. The highest
order mode determines the maximum number of modes that
are supported by this DWG.
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Fig. 4. (a) Design, (b) E-field distribution of the DWG mode coupler, and
(c) simulated coupling efficiency versus the coupler length L¢ at 165 GHz.

Bent DWG is widely used for structure integration, but small
bending radius causes significant mode conversion and radi-
ation leakage, thus introducing extra bending loss. Unwanted
mode conversion is detrimental and leads to degradation in
coupling efficiency and increase in crosstalk. According to the
bending loss mechanism in [11], a smooth bending with a large
radius is preferred to relieve the mode conversion and radiation
issues. For the proposed triple-mode DWG, the bending radius
should be larger than 1.4 mm and about 0.8-dB extra loss will
be introduced by one bending.

B. E]yl to Ezy] and E;’I to E%vl Couplers

The wave coupling can happen when the unshielded DWGs
are close-by. Fig. 3 also describes the coupling mechanism
between the same or different modes. The requirements for
mode coupling include field overlap and phase matching. Field
overlap means DWGs are close enough so that the EM field
of each waveguide is interacting. Phase matching requires
that the propagation constant 8, which is the wavenumber
along propagation direction, is equal for the coupling modes.
By precisely controlling the width of DWG, n.g of a specific
mode can be finely tuned, and then it is possible to make two
modes’ phase matched according to (1).

B = N )
C

where w is the angular frequency, and c is the speed of light
in vacuum. For example, at 165 GHz, n.s of mode Ely ,in a
DWG with W; = 300 um is 2.55, which equals to n.g of
E3, in a DWG with W, = 760 um and Ej3, in a DWG with
W3 = 1200 pm.

Fig. 4(a) illuminates a DWG mode coupler with W and W’
designed to align 8 of the specific modes as discussed. The
coupling can be obtained between the same mode (Ey, to E7)),
or different modes (Ej, to E3, and Ej, to E3)), as shown in
Fig. 4(b). The coupling coefficient ¥ exponentially decreases
when the gap G of the coupler increases, because the field
intensity exponentially decays out of the DWG. The coupling
efficiency 7 defined by the energy coupled to the second DWG
out of the total energy, which is optimized based on [12]

1 . /
n= W SlIl2 ( (Sé + KZZ) (2)
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S-parameters of the quasi-TEM to E {1 mode coupler.
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Fig. 6. Photograph of (a) complete multimode Si DWG and (b) measurement
setup.

where §g = (81— B2)/2 is the propagation constant difference,
and z is the coupler length variable by assuming the DWGs
start to overlap at z = 0. The maximum 7 occurs when

T 1
z=Lc = (m+—), m=0,1,...,00. (3)

Then the coupling efficiency 1 reaches
1
1+ (8p/6)*

In actual design, the first step is to minimize the propagation
constant difference § by tuning the width of DWG, and then
select the optimum coupler length L. To reduce channel loss
and reduce coupler size, the first peak point when m = 0 is
preferred. The simulated 1 along the propagation direction z
is plotted in Fig. 4(c). Lc = 3.8 mm for Ej; to E3, coupler
and Lc = 4.5 mm for Ej| to E3, coupler are selected.

“4)

Nmax =

C. Quasi-TEM to E;, Coupler

The configuration of the quasi-TEM to Ej, coupler is
shown in Fig. 5(a). It consists of a coplanar waveguide
(CPW) interface with ac ground for ground-signal-ground
(GSG) probe, oppositely tapered MSL and DWG to transit
the electromagnetic wave smoothly. The quasi-TEM mode in
MSL is gradually converted into E;; in DWG, as shown in
Fig. 5(b). The structure is fabricated on a 100-um quartz
(e, = 3.78,tané = 0.0001) substrate. The simulated S-
parameters in Fig. 5(c) depict great transition performance.

ITI. FABRICATION AND MEASUREMENT RESULTS
The entire structure was modeled in the full-wave simulator
HFSS and measured on-wafer with G-band (140-220 GHz)
S-parameters’ testbench. All the parts are fabricated in-house
with the nano-manufacturing process. The multimode Si DWG
and mode couplers are produced in one piece by the deep
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Fig. 7. Simulated and measured S-parameters of the entire multimode Si
DWG including MSL-to-DWG transitions.

TABLE I

COMPARISON WITH THE SOA MULTICHANNEL
TRANSMISSION ABOVE 100 GHz

Ref. 2018 [4] | 2020 [6] 2021 [7] This Work
3.dB BW. |150.8~206| 22>~ 250: 127.7~152.3 143~200
(GHz) 151~171.4 | 202~ 285" | ae 3 1ol I51~185
302~ 322* 155~174
Scheme MDM FDM DM MDM
Tech. DWG | Ridged SIW MSL DWG
No. CHNL. 2 3 2 3
Min Loss (dB) | 6.4/6.6 6/8/10°* 11.6/132 5/5.1/5.3
Crosstalk (dB) 20 35 30 26

* Read from the figure; ** the total loss of a multiplexer and demultiplexer.

reactive ion etching (DRIE) process. Quasi-TEM to E f’l cou-
pler with GSG interface is fabricated on a 100-um quartz
substrate using lithography and metal deposition processes.
The DWG and quartz substrate are assembled precisely by
a flip-chip bonder to form the multiplexer structure. It is
connected with 100-um pitch GSG pads, so it can be tested
with commercial probes.

The measurement setup includes an Agilent network ana-
lyzer (PNA-X N5247A), a pair of Virginia Diodes fre-
quency extension modules (VDI WRS5.1-VNAX), WR-5
(140-220 GHz) S-bend waveguides, and a pair of WR-5
probes. The short, open, load, thru (SOLT) calibration method
is used to set the reference plane at the probe tip. Fig. 6(b)
shows the G-band S-parameters on-wafer testbench.

The simulated and measured S-parameters of the entire
multimode Si DWG including MSL-to-DWG transitions are
plotted in Fig. 7 and the results are compared with the
state-of-the-art (SOA) multichannel transmission over 100-
GHz carriers in Table I. The minimum loss is about 5 dB
within the 3-dB bandwidth of 143-200, 151-185, and 155—
174 GHz, respectively, for the three modes. The measured
crosstalk between modes is less than —26 dB. The comparison
with SOAs above 100 GHz reveals that the proposed approach
achieves competitive loss and bandwidth performances.

IV. CONCLUSION

This letter presents a mode-coupler-based multimode Si
DWG in the G-band with the design, analysis, and demon-
stration elaborated. This is the first time three-MDM-based
channelization is demonstrated on a DWG. The design method
can be extended to more modes and opens a new direction
to more efficiently use the extremely broad bandwidth of
DWG to materialize high bandwidth density and high energy
efficiency multidrop sub-THz/THz interconnect to meet the
ever-increasing interconnect demands.
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