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Two-Conductor Ports Enabling Broadband Operation of Substrateless
Microscale Silicon Waveguides

Daniel Headland ¥, Member, IEEE, Daniel C. Gallego

Abstract—We extend the operation bandwidth of substrateless
all-silicon waveguides beyond the single-mode region. This requires
a suitably broadband port-access scheme, as well as careful man-
agement of undesired higher order modes. It is found that a length
of two-conductor waveguide serves both purposes. In this way, we
experimentally demonstrate broadband power transfer between
dielectric waveguides and numerically investigate suppression of
higher order modes. This 3-D solid-metal two-conductor waveguide
shows promise as a package-external terahertz port, to address the
40% relative-bandwidth bottleneck that is currently imposed by
hollow metallic waveguides. This represents a step toward efficient
handheld terahertz systems that fully exploit the broad available
spectrum.

Index Terms—Broadband, integration, mm-wave, photonics,
port, silicon, substrateless, waveguide, terahertz.

I. INTRODUCTION

AVEGUIDES are generally operated in the single-mode
W region to avoid the copropagation of higher order modes,
which can compromise signal integrity. However, single-mode
operation reduces achievable bandwidth, e.g., to 40% for single-
conductor hollow metallic waveguides [1]. This is a disad-
vantage for terahertz systems, as many attractive envisaged
applications such as spectroscopy [2] and frequency-agile com-
munications [3] demand broad spectrum. There do exist two- and
three-conductor waveguides that are single-mode in broadband
(i.e., greater than an octave), such as coaxial cables [4] and
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coplanar waveguides [5]. However, the conduction loss is un-
acceptably high, with coplanar waveguides in particular having
30 dB/cm at 400-500 GHz [5]. It is therefore wise to deploy as
little conductive line as possible.

Substrateless terahertz silicon dielectric waveguides are
showing promise as low-loss interconnect, albeit generally
restricted to at most 40% bandwidth in order to avoid un-
desired higher order modes [6]. That said, it has previously
been shown that single-mode operation in the multimode region
of the dielectric rod waveguide, whilst avoiding adverse effects
of higher order modes, is potentially viable [7], [8]. However,
those demonstrations made use of single-mode hollow metallic
waveguides to excite the dielectric waveguide, and so the span
available to the overall configuration remains bottlenecked at
40% by the launching port. To increase this bandwidth, here we
explore practical considerations toward operation of microscale
substrateless silicon dielectric waveguides over a continuous
unsegmented span that begins at the single-mode region and
extends into the multimode region. To support this aim, we
have identified three critical necessary requirements. The first is
accurate positioning and alignment of coupler structures in order
to maximize the yield of the desired fundamental mode. The
second is mode-filtering functionality, to remove any residual
power in undesired higher order modes. The final requirement
is an external access port to convey the entire broad spectral
bandwidth to other devices and systems, in contrast to the
aforementioned 40% bottleneck that arises when hollow metallic
waveguides are used for this purpose.

For substrateless waveguides, accurate positioning and align-
ment benefits greatly from the monolithic integration of a sur-
rounding frame to enable handling without physically touch-
ing the exposed waveguide core [6]. The waveguide can be
structurally anchored to the frame via a periodic through-hole
lattice that acts as effective medium [9], although it is noted
that this periodicity carries potential for undesired stopbands
due to Bragg effects as operation frequency is increased [10].
Fortunately, however, in this work we find no evidence of such
Bragg effects over a broad ~4:1 range that begins with the onset
of the fundamental guided mode.

If we accept that, in reality, we cannot wholly avoid the
possibility of exciting higher order modes, then this motivates
the development of mode-filters to remove them from the
waveguide. To this end, we may incorporate a short section of
two-conductor, single-mode metallic waveguide that only allows
for the transfer of the fundamental mode between two multimode
silicon waveguides. The result is a broadband interposer, and
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although it exhibits Ohmic loss, this will be minimized if only
a short length is used.

We employ a double-ridged waveguide, which is closely
related to a planar slotline, for which broadband interfaces to
dielectric waveguides have previously been demonstrated [11],
[12], [13], [14]. Here, we implement an interposer by terminat-
ing a short length of the two-conductor waveguide with such
an interface at both ends, and broadband transfer of power is
experimentally verified. It is also noted that this manner of
two-conductor waveguide is closely related to two-wire waveg-
uides, in that it is a symmetrical two-conductor linear waveguide
with two-dimensional cross-sectional confinement, and also
to parallel-plate waveguides, in that power is confined within
a narrow gap between two solid-metal conductors. Both of
these waveguides have been studied extensively in the terahertz
range [15], [16], [17], [18], but must be excited using cumber-
some free-space beams due to a lack of viable interposers. The
dielectric-waveguide interface that we present here is a solution
to address this lack. In other words, although the two-conductor
waveguide is employed as an interposer for silicon dielectric
waveguides in the current work, one could also equally view
the dielectric waveguide as an interposer for the two-conductor
waveguide, rendering the latter amenable to compact handheld
devices.

The two-conductor interposer is composed of solid metal,
making it sufficiently robust to be exposed as an interface to
the external world. The same cannot be said of substrateless
microscale silicon components, especially considering that the
most common form of coupler is a tapered spike [6], which is
vulnerable to breakage. Not only that, this coupler also poses
safety risks, as it is sufficiently sharp to cause puncture wounds.
Furthermore, near-field interfaces between dielectric waveg-
uides tend to be strongly frequency-dependent [19], [20], and in
view of these facts, a viable broadband all-silicon external access
port seems unlikely. To address this lack, the double-ridged slot
waveguide shows promise as a broadband analog of robust,
detachable 40%-bandwidth hollow metallic waveguide access
ports. Both of these waveguides are single-mode, and so power
that appears in the guide can be expressed straightforwardly as
a single complex amplitude coefficient, as opposed to a detailed
mode composition as in overmoded waveguides, or a complete
2-D field-aperture distribution for free-space interfaces. Thus,
the two-conductor waveguide is promising as an external access-
port interface for future broadband packaged terahertz systems
that are internally interconnected with low-loss overmoded sub-
strateless silicon waveguides.

II. DESIGN AND SIMULATION

A. Few-Mode Silicon waveguide

We employ a substrateless all-intrinsic-silicon structure that
surrounds an unclad core with a protective frame [9], as shown
in Fig. 1(a). The waveguide core is anchored at both ends with
a periodic through-hole lattice that guided waves experience as
a low-index effective medium that is close to the air cladding.
Substrateless all-intrinsic-silicon effective-medium-clad waveg-
uides of this sort are known to exhibit low propagation loss of
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Fig.1. Design and simulation of an unclad microphotonic waveguide, showing
(a) illustration of the device platform, with hollow-waveguide interface shown at
one of the terminations, (b) modal analysis in broadband, and (c),(d) simulated
response using four different hollow-metallic waveguides bands, where each cor-
responds to a distinct single-mode range that demands specific inner-conductor
dimensions.

<0.1 dB/cm in the frequency range of interest [6]. Modal analy-
sis using Marcatili’s method [6], [21], [22] is given in Fig. 1(b),
showing that the single-mode range of our structure, i.e., the span
over which only a single mode has nyeqar > 1, is 62—-104 GHz.
This means that, in this range, only this fundamental mode
may propagate indefinitely without progressive radiation to the
surrounding space, and hence is nonleaky. Below this range the
waveguide continuously radiates power to free-space as in a
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uniform leaky-wave antenna [23], and this unguided propagation
defines the lower limit of waveguide operation, analogous to
a hollow metallic waveguide’s cutoff. Above the single-mode
range, higher order modes also propagate without leakage.

Current mm-wave and terahertz-range convention is to excite
dielectric waveguides by tapering the termination to a spike
that is then inserted into the inner volume of a single-mode
hollow metallic waveguide [6], [9], [12], [24], [25], [26], and
it is noted that a single spike of fixed geometry can access
several hollow-waveguide bands of different inner-conductor
dimensions [7], [8], [12]. Thus, broadband numerical investi-
gation of the structure illustrated in Fig. 1(a) requires a series
of full-wave simulations, for which we deploy the commercial
software package CST Studio Suite, and the results are shown in
Fig. 1(c) and1(d). High transmission efficiency and low return
loss are observed well into the silicon waveguide’s multimode
region, and so the impact of higher order modes is negligible.
The only spectral feature of note is a narrow dip in transmission
just above 300 GHz, which is ascribed to Bragg effects caused
by the periodicity of the effective-medium support [10]. Thus,
the upper-bound of operation bandwidth spans from the onset
of the transmission bandwidth at 75 GHz up until the Bragg
effects above 300 GHz, for a ~4:1 range. Note that this excludes
the lower-end of the silicon waveguide’s single-mode region,
i.e., from 62 to 75 GHz, as strong delocalization of guided waves
at low frequencies increases coupling loss.

B. Broadband Interposer and Mode-Filter

A microscale two-conductor ridge slot waveguide is devised.
Separation between conductors is set to a half-wave at the chosen
upper-frequency limit of 300 GHz in order to inhibit higher
order modes [27], whilst avoiding excessive Ohmic loss and
physical clearance issues that would arise from a narrow gap.
The thickness of the conductor is likewise 500 pm in order
to achieve close confinement in the vicinity of the rod whilst
maintaining sufficient bulk metal for a robust and inflexible
structure. We terminate both ends of a short length of this double-
ridge waveguide with a Vivaldi antenna, realizing the interposer
shown in Fig. 2(a). Closely related structures have previously
been demonstrated, albeit with the antenna serving as free-space
interface [28], [29], [30]. In contrast, here the Vivaldi antenna
serves a broadband interface to a dielectric waveguide by insert-
ing the waveguide’s tapered-spike termination into the throat
of the Vivaldi antenna [11], [12], [13], [14], [31], [32]. Both
constituents mutually compensate for the longitudinal variation
of field hand-off point [12], achieving broadband transfer of
power, although itis important to note that these cited works have
all described planar transitions, which serve solely for on-chip,
or on-circuitboard connections. In contrast, here we consider a
robust, freestanding solid metal structure, the performance of
which we investigate using full-wave simulations. The results
in Fig. 2(b) show 66% overall efficiency, or 81% for a single
coupler, as well as >4:1 3-dB transmission bandwidth for the
fundamental mode. Additional simulations shown in the supple-
mentary information that accompanies this manuscript confirm
that our chosen double-ridge waveguide parameters are optimal.
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Fig. 2. Broadband metal interposer and mode-filter for silicon dielectric rod

waveguides, showing (a) illustration of the structure, (b) simulated transmission
of the desired, fundamental mode, (c) undesired output in response to excitation
with the desired, fundamental mode, where the sum of output power has been
taken across all modes indicated, and (d) rejection of higher order modes, where
each individual mode is excited, and the transmitted power is summed across
all modes. Power in leaky modes (i.e., below the air light-line) is disregarded.

Low reflection is observed in Fig. 2(c), and the aggregate yield of
undesired modes is —10 dB lower than that of the fundamental
for frequencies below 225 GHz. We consider the intersection
of the 3-dB bandwidth with this range to be the interposer’s
operation bandwidth, which is >3:1, i.e., from 67 to 225 GHz.
It is noted that prior related overmoded dielectric waveguide
work [7], [8], [12], [13], [14] did not quantitatively consider
mode composition in this way, and hence lacked a critical
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comparative measure of the yield of the desired fundamental
mode.

Itis possible that a higher order mode of the silicon waveguide
will be incident upon the interposer, and so it is prudent to
repeat the simulation for each such mode. In each case, the
total aggregate power conveyed to all modes of the receiving
waveguide is shown in Fig. 2(d). The maximum aggregate
transmission of these higher order modes is below 3.6% over
the aforementioned >3:1 range, and so we conclude that the
two-conductor section serves as an effective mode filter in
addition to being an interposer for silicon waveguides.

III. EXPERIMENTAL PROOF OF CONCEPT

Two silicon waveguide samples are fabricated using deep
reactive ion etching, and the interposer is computer numerical
control (CNC)-machined from aluminum along with custom
packages. The package suspends the waveguide core over a
trench, and offers interlocking structures for precise alignment
to standard hollow-waveguide flanges [24], [25], [26], [33],
as shown in Fig. 3(a)-(c). The silicon part is placed into a
shallow depression that corresponds to the outer edge of the
protective frame, with a 50-pm margin on either side to account
for tolerances. We have found it necessary to perform manual
adjustment of position using handheld tweezers in order to
compensate for the aforementioned margin. Future iterations
of this package design must therefore incorporate a repeatable
fine-adjustment mechanism via contact with the frame.

Experiments are performed using a vector network analyzer
equipped with frequency extension modules that offer hollow-
waveguide interfaces. In order to characterize the interposer’s
operation bandwidth, we perform separate experiments using
WR-10 and WR-5.1 extension modules, where the insertion
depth of the tapered spike is set with 3D-printed plastic spacers
in each case. Straight hollow metallic waveguides are attached
prior to installation in the instrumentation system, as this lowers
breakage risk during assembly, although in the case of the
WR-5.1 band, only one side may be outfitted in this way due
to limited available components.

Experimental results are given in Fig. 3(d) and 3(e), showing
broadband transmission and low reflection. Neither individual
measurement of the interposer encounters a 3-dB limit, and if
the increased coupling loss at WR-5.1 is taken into account, then
this statement can also be made for the two bands collectively.
Speaking of coupling loss, it is noted that both bands show
lower efficiency than in simulation at the lower-frequency edge,
possibly due to the influence of the solid-metal flange. Away
from this edge, in the WR-10 band, the interposer exhibits
~—1.5 dB peak efficiency, which is less than 1 dB in excess
of that of a single silicon waveguide. In the WR-5.1 band, peak
efficiency falls to ~—3.5 dB, which is ~2.5 dB in excess of the
loss experienced by the straight waveguides, corresponding to
75% efficiency for a single coupler. The overall transmission is
therefore ~0.5 dB lower than expected, which may be partly
due to surface roughness on the CNC-machined surface of
the double-ridge waveguide, or to lower conductivity than in
simulation. Another possible culprit is minor misalignment, to
which we also ascribe the ~1 dB variation that is observed in the
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Fig. 3. Experimental characterization, showing (a) and (b) packaged single
silicon waveguide undergoing characterization in WR-10 and WR-5.1 bands,
(c) interposer characterization in WR-10 band, and (d) and (e) measured mag-
nitude spectra extracted directly from the VNA, with no further processing. The
shorthand notation in the legend denotes in-series waveguide combinations,
e.g., “H & S1” corresponds to the hollow metallic waveguide(s) together with
a silicon waveguide, and so the loss of S1 is referenced to that of H, i.e., the
hollow waveguide in isolation.

single WR-5.1-band silicon-waveguide measurements shown
in Fig. 3(d). Cross-comparison with purposefully misaligned
full-wave simulations (not shown) indicate that ~ 0.08° rotation
of the silicon sample would cause comparable variation, which
we believe is entirely possible in practice due to the tolerances of
the package. The variation of the interposer is higher, at ~1.5 dB,
as each individual silicon waveguide is an independent source of
this misalignment error. Phenomenologically, this misalignment
excites higher order modes that are ultimately rejected by the
receiving hollow-metallic waveguide, leading to interference
fringes and hence variation. It is therefore a critical issue to
address in order to effective manage higher-order modes.

IV. CONCLUSION AND FURTHER WORK

Substrateless silicon waveguides have broadband poten-
tial, but exploitation thereof demands suitably broadband
port-access, for which we have shown that an interposer
composed of a two-conductor waveguide terminated with
Vivaldi-antenna flares can serve well. The restriction that we
aim to alleviate is readily observable in Fig. 1(c) and 1(d), and
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in 3(d) and 3(e), which are segmented into 40% bandwidth
allocations due to the use of hollow metallic waveguides. In
contrast, Fig. 2(b)-2(c) do not incorporate a hollow metallic
waveguide, and so they show continuous, unsegmented spectra.
Experimental and numerical investigation of the two-conductor
interposer show broadband transmission in a >3:1 range, as
well as strong selectivity for the desired fundamental mode.
The achieved coupling efficiency is commensurate with that of
related planar broadband dielectric waveguide couplers [13].

Future iterations of the package design will incorporate ad-
justment mechanisms, such as screws for fine manual alignment,
for which the protective frame is key, as direct contact with the
core would disturb the fields therein. We also believe that, with
careful refinements to the design of the Vivaldi antenna and
tapered silicon spike, the operation bandwidth may be increased
to the ~4:1 Bragg-limited span. Operation may also be adapted
to beyond 1 THz by physically-scaling the silicon [34] and metal
components [30], although this would incur markedly increased
Ohmic loss.
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