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Abstract

In this work, we propose interconnection structures for substrateless all-silicon dielectric
waveguides, a platform for terahertz (THz) hybrid integration that currently relies on tradi-
tional tapered interfaces. We demonstrate two dielectric waveguide-to-waveguide interconnect
approaches: a truncated termination and a quarter-wave-matched (QWM) slot termination.
Both designs maintain a confined coupling point, enabling consistent coupling. Experimental
results show maximum interconnection coupling losses of 5dB and 2.5 dB for the truncated
and QWM-slot terminations, respectively, across the 220-330 GHz band. The QWM-slot
transmission coefficient remains above —3 dB with a misalignment tolerance up to 100 xm,
representing a 2.5X improvement over the truncated design. Offset characterization along
three axes reveals smooth decoupling behavior over a 1 mm range, validating the potential for
broadband, contactless interconnects between dielectric waveguide interfaces. These results
establish a compact THz interconnect concept with substantially relaxed translational align-
ment tolerances, making it well-suited for deployment in scalable 6G multi-chip arrays and
THz sensing modules.

Introduction

Practical millimeter-wave (mm-Waves) and terahertz (THz) systems require integration plat-
forms that combine low-loss guiding, compactness, and robust packaging. Although conven-
tional hollow metallic waveguides remain prevalent in laboratory settings, their performance
at THz frequencies is constrained by Drude loss, tight fabrication tolerances, and mechani-
cally fragile packaging factors that hinder large-scale integration and mass manufacturing [1-3].
These limitations have motivated an extensive shift toward all-dielectric THz waveguides, par-
ticularly those based on high-resistivity intrinsic silicon, which offers near-lossless propagation,
strong field confinement, and compatibility with mature microfabrication processes [4-6]. In
this context, substrateless all-silicon (Si) microstructures have emerged as a promising THz
integration platform, enabling low-loss guiding, monolithic integration of diverse components,
and simplified packaging within a mechanically robust frame [7-9].

Efficient low-loss THz interconnects have been reported and could be prime candidates for
meeting the ever-growing demand for higher data rates in short-range interconnection appli-
cations [10, 11]. THz interconnects bridge the gap between board-level links and the limited
bandwidth of electrical chip-to-chip connections. These short-range links, typically spanning
a few centimeters, are commonly referred to as “last-centimeter interconnects” [11, 12]. Si
dielectric THz waveguides have already demonstrated applications toward 6G and beyond,
with propagation loss below 0.05 dB/cm and bandwidths on the order of ~350 GHz [13, 14].
Representative all-Si THz waveguide platforms include photonic crystal waveguides, effective-
medium (EM) waveguides, and unclad dielectric wire waveguides [7-9]. For comparison,
conventional metallic rectangular waveguides in the same frequency range typically exhibit
attenuation on the order of 0.5-2dB/cm, depending on band and surface finish, as can be
inferred from standard manufacturer data and attenuation charts for WR-series waveguides.
This illustrates that silicon dielectric rectangular waveguides can achieve more than an order
of magnitude reduction in propagation loss compared with conventional hollow metallic
waveguides, while also offering improved integration and packaging flexibility.

Photonic crystal waveguides can achieve very low loss (<0.1dB/cm), but their opera-
tion bandwidth is typically limited to ~20 GHz due to the inherent constraints of photonic
band gap guiding [15, 16]. EM waveguides retain similarly low loss while offering signifi-
cantly wider bandwidths reported values reach ~120 GHz around 0.3 THz and ~350 GHz in
the 1 THz band [13, 14]. However, EM waveguide designs rely on intricate subwavelength
perforations that demand high-precision etching, which complicates scaling and limits design
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flexibility. Unclad all-silicon waveguides have been proposed to
relax some of these constraints, they can preserve propagation
losses below 0.1 dB/cm with bandwidths comparable to effective-
medium platforms [9, 17], while simplifying the microstructure
and enabling more straightforward implementation of bends, split-
ters, and couplers [18, 19]. Collectively, these all-silicon waveguide
platforms now provide versatile components for low-loss THz
interconnects and functional integrated components [7, 8].

Despite these advances, dielectric waveguides alone do not
intrinsically offer the mechanical flexibility required for chip-
to-chip or board-to-board interconnections, since they are typ-
ically fabricated from high-resistivity crystalline Si with limited
bendability. To address this, hollow-core fibers have attracted
considerable attention as flexible THz interconnects [20, 21].
More recently, flexible Polytetrafluoroethylene (PTFE)-core solid
dielectric waveguides have been explored for mm-Waves appli-
cations [22]. In that work, PTFE circular dielectric waveguides
with diameters of 0.5 and 1 mm were designed and characterized
across the 325-500 GHz band, demonstrating measured transmis-
sion losses below 0.3 and 0.33 dB/cm, respectively, and bending
losses below 0.01 dB/cm [22]. However, coupling from metallic
waveguides via horn-based launchers introduced approximately
3dB of insertion loss, and segment-to-segment interconnection
using PTFE heat shrink tubes added a further 1.6-2.5dB [22].
Despite their mechanical flexibility, these waveguides are therefore
less suitable for low-loss, high-performance THz interconnects.

A notable step forward is the recently demonstrated THz fiber
link using a dielectric silicon waveguide interface [23]. In this work,
a tapered all-Si dielectric waveguide is employed as an efficient
coupler between a THz hollow core fiber and a silicon dielectric
waveguide, enabling a 22 Gbit/s link in the 0.3 THz band with a
coupling efficiency of ~60% and a 3 dB bandwidth of 150 GHz over
10 cm of fiber [23]. This result highlights that carefully engineered
dielectric couplers can substantially improve interface efficiency
and throughput, underscoring the potential of THz interconnects
as practical “last-centimeter” links for high-speed, short-range
communications. At the same time, it also exemplifies a broader
trend in THz integration: most high-performance dielectric inter-
connects to date still rely on relatively long, carefully shaped
tapers or complex couplers whose performance can be sensitive
to fabrication tolerances and mechanical misalignment [9, 17,
24]. This motivates compact waveguide-to-waveguide intercon-
nect schemes on substrateless all-Si platforms that preserve low loss
and wide bandwidth while improving robustness to misalignment
at module-to-module interfaces. From the perspective of practical
mm-Waves and THz hybrid integration, the most relevant fig-
ures of merit for dielectric waveguide-to-waveguide interconnect
schemes are not limited to insertion loss alone, but also include
operational bandwidth, interface compactness, and robustness to
assembly tolerances. Existing taper-based or fiber-coupled dielec-
tric interfaces can provide efficient coupling, but they often rely
on comparatively long transition regions or mechanically demand-
ing alignment conditions [22, 23, 25]. Our approach focuses on
a compact termination geometry that supports contactless cou-
pling while enabling a quantifiable tolerance to translational mis-
alignment. The main contribution of the proposed quarter-wave-
matched (QWM)-slot interconnect lies not only in its coupling
performance across the 220-330 GHz band but also in its combi-
nation of a compact footprint and relaxed alignment sensitivity.
These features are vital for ensuring repeatable packaging and
reliable multi-module assembly at millimeter-wave and THz fre-
quencies. Such characteristics are particularly relevant for modular
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6G front-ends and phased-array tiles, where chip-to-module con-
nections must be formed with pick-and-place-level accuracy while
remaining robust to vibration and thermal expansion.

An earlier version of this work was presented in the EuMW
2025 Proceedings [26]. This paper extends that preliminary study
by providing a comprehensive theoretical framework and an
expanded analysis of the results and their significance. We intro-
duce terminations for uncladded silicon dielectric waveguides that
facilitate integration with active or passive components to form a
complete THz interconnected system, as illustrated in Fig. 1(a).
The proposed schemes include two termination types: trun-
cated and QWM-slot, depicted in Fig. 1(b) and (c), respectively.
Beyond establishing efficient signal coupling, these designs exhibit
high robustness against misalignments arising from positioning
tolerances.

Concept

The first design is a truncated waveguide termination, the sim-
plest approach to create an interconnection, where the dielectric
waveguide tip is truncated in a flat termination. This termination
has been previously reported with dipole antenna and straight for-
ward waveguide-to-waveguide interconnect [27, 28], and generally
exhibits high reflection when there is an abrupt change in the effec-
tive index of the propagating mode. In practice, high reflection also
occurs when connecting two waveguides if a lateral gap forms at the
interface due to fabrication tolerances (e.g., variations in waveguide
dimensions or over-etching) and finite positioning accuracy. This
gap creates a discontinuity that reflects a significant portion of the
incident power, reducing interconnection efficiency.

To address these issues, we introduce a QWM-slot termination
at the end of the dielectric waveguide. The QWM-slot-terminated
dielectric waveguide provides an effective solution by introduc-
ing a free-space matching section that minimizes reflection losses
and partially compensates for alignment imperfections. A resonant
slot region, whose electrical length approximates a quarter of the
in-guide wavelength, transforms the impedance seen by the incom-
ing mode and improves modal matching across the interface. [27].
As aresult, the QWM-slot approach improves transmission coeffi-
cient and mitigates the impact of dimensional variations, gaps, and
modal index mismatches that arise in realistic mm-Waves and THz
assemblies. We first analyze the transmission losses of two inter-
connected terminations by simulating two scenarios using CST
Microwave Studio, one without offset and the other with an X-
axis offset, as illustrated in Fig. 1(b) and (c). The dimensions of the
dielectric waveguides and the QWM-slot geometry correspond to
the optimized design reported in [27], which was validated through
full-wave simulations and measurements over the 220-330 GHz
frequency range. We initially position the two dielectric waveguide
tips such that their flat terminations are aligned center-to-center
(zero offset) to obtain the maximum transmission coefficient.
Then, to assess real-world implications, we introduce misalign-
ment along the X-axis, increasing the offset between centers in
1 um steps, and evaluate the performance of both terminations
under these conditions.

The simulated transmission coeflicient of perfectly aligned
waveguide terminations is shown in Fig. 2(a). The truncated ter-
mination exhibits a higher absolute transmission coefficient than
the QWM-slot termination over most of the band, with coupling
losses of approximately 1.5 dB at 220 GHz and 0.4 dB at 330 GHz.
It is important to note that Fig. 2(a) presents the absolute trans-
mission coefficient |S,;| under perfect alignment, whereas Fig. 2(b)
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Figure 1. (a) 3D schematic overview of a THz hybrid integrated system featuring substrate-less silicon components connected via dielectric waveguides, with labeled input
(Port 1) and output (Port 2). Cross-sectional view (X-Z plane) illustrating the operating principles for: (b) a truncated termination with high reflection at the air gap (g), and (c)
the proposed QWM-slot termination showing enhanced transmission through quarter-wavelength (A /4) impedance matching structures.

and (c) shows the normalized offset loss, defined as the additional
coupling loss relative to the perfectly aligned case (0 um offset)
for each termination design. To evaluate robustness against lat-
eral gap formation, the transmission coefficient is further analyzed
as a function of X-axis misalignment, with offsets up to 100 pm.
The resulting offset loss is normalized with respect to the per-
fectly aligned case and is summarized in Fig. 2(b) and (c) for the
truncated and QWM-slot terminations, respectively. For the trun-
cated termination Fig. 2(b), the normalized offset loss increases
significantly with offset and frequency, exceeding 4 dB at large
misalignment. In contrast, the QWM-slot termination Fig. 2(c)
maintains substantially lower sensitivity to lateral offsets, with
losses generally remaining below 2 dB across most of the inves-
tigated frequency and offset range. These results highlight that,
although the truncated termination offers superior absolute perfor-
mance under ideal alignment, the QWM-slot termination provides
a much more robust interconnection in realistic scenarios where
fabrication tolerances, temperature-induced drift, and instrument-
induced vibrations can introduce offsets along all three axes.
This distinction allows for a direct comparison of misalignment
tolerance, independent of the absolute insertion loss differences
observed in Fig. 2(a).

Overcoming these challenges motivates termination designs
such as the QWM slot that ensure free-space matching across the
operational frequency range, thereby minimizing reflected power
and maintaining a high transmission coefficient even under offset
conditions. This capability enables seamless integration of sili-
con dielectric waveguide-based active and passive components for
hybrid incorporation into THz systems.

Truncated interconnect

The truncated termination can be interpreted as butt-coupling
between two nominally identical dielectric rectangular waveguides
separated by a small free-space gap. In the ideal limit of a vanishing
gap and perfect lateral alignment, the dominant coupling mech-
anism is modal overlap between the fundamental modes on the
two sides. A standard way to express the transmission coeflicient
into the fundamental output mode is through a power-normalized
mode-overlap (reaction) integral [29, 30]:

. 2
[, (B, x H) - 2dA|
ntrunc ~ PIPZ (1)

where (E;, H,) and (E,, H,) are the modal fields in the input and
output waveguides, respectively, P; and P, are the corresponding
guided powers, and the integral is evaluated over a transverse plane
at the interface. For identical waveguides with negligible gap and
perfect alignment, Eq. (1) approaches P; = P,, yielding 7 ,c — 1
(0dB). In practice, finite gaps and residual offsets reduce the over-
lap and introduce additional mismatch and radiation; therefore,
full-wave simulation is required for accurate prediction.

When a finite gap g is present, the interconnect can be approx-
imated as a short section of free space between two identical
guided sections. In a first-order transmission-line (TL) picture as
shown in Fig. 3(a), the gap behaves like a section of characteris-
tic impedance Z;, ~ 377 and electrical length k,g. The input
impedance looking into the gap can be written as

o ng + ]ZO tan(kog)
- ZO + ijg tan(kog)

Zin (g) (2)
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Figure 2. Simulated transmission coefficient |S,, | for perfectly aligned (a), and
additional offset loss introduced by X-axis offset with respect to perfect alignment for
truncated (b) and QWM-slot (c).

where Zyg denotes the (modal) characteristic impedance of the
dielectric-waveguide fundamental mode and k, = 27/, is the
free-space wavenumber. The corresponding reflection coefficient
at the waveguide reference plane is

Z; —Z
Ftrunc(g ) = M
Zin (g ) + ng
From Egs. (2) and (3), I'yy, is intrinsically periodic versus fre-
quency (through tan(k,g)), producing a ripple consistent with the
wavy components observed in both simulation and measurement,
as illustrated in Fig. 3(a). Importantly, the TL model does not cap-
ture radiation loss and near-field coupling in the gap; therefore,
it is used here to provide physical intuition for the interference-
driven ripple, while the absolute insertion loss and the full offset

3)
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dependence are obtained from full-wave CST simulations and
measurements.

Lateral misalignment further reduces coupling by decreasing
the field correlation between the two modal profiles. A microwave-
friendly approximation expresses the offset-dependent coupling as
a normalized cross-correlation of the transverse fields,

RN ALICY) CEi(x— Ax,y))dA[
offset X) =~ P
(S, [E:(x,y)dA)

where E, is the transverse modal electric field. For small offsets,
a second-order expansion yields the expected smooth (approxi-
mately Gaussian-like) decay, but Eq. (4) avoids assuming an optical
Gaussian beam and remains consistent with guided-wave mode
matching.

The CST results in Fig. 2(b) show that offsets up to 100 ym
can induce several dB of additional loss for the truncated ter-
mination. This motivates a misalignment-tolerance comparison
between the two designs, since practical assemblies cannot guar-
antee sub-10 pum repeatability.

(4)

QWM-slot interconnect

The QWM -slot termination introduces a sub-wavelength slot cav-
ity at the waveguide end that acts as a compact impedance-
transforming section between the high-index guided mode and the
effective load presented by the gap plus the receiving waveguide.
Using a simplified TL analogy illustrated in Fig. 3(b), the interface
can be interpreted as

ng — Zslot - Zload (5)

If the slot electrical length is close to a quarter guided wavelength,
Ag slot

gslot ~ gZO (6)

then the classical quarter-wave transformer relation gives the input
impedance

ZZ
Zin,slot ~ ZIS::; (7)
Using Eq. (7), the approximate matching condition
becomes [Fig. 3(b)]
Z2
Zw s slot (8)
8 Zload

As in the truncated case, this TL picture is intended as a first-order
interpretation; the QWM -slot interconnect also involves radiation
and near-field interaction that are not included in Egs. (6)-(8).
Consequently, the geometry is optimized using full-wave simula-
tions, and the TL model is used to explain why the slot reduces the
effective mismatch and smooths sensitivity to gap/offset.

01 The reflection coefficient implied by the equivalent input
impedance is

Zin,slot - ng (9)

Towm ® ———————
Q Zin,slot + ng

Eq. (9) connects directly to the port reflection via S;; ~ T in the
single-mode regime. In practice, deviations arise due to radiation
and higher-order fields localized near the slot, and therefore agree-
ment is assessed against full-wave S-parameters (Figs. 2 and 6).
The key experimental outcome is that, while the truncated termi-
nation can provide slightly lower loss under perfect alignment, the

Downloaded from https://www.cambridge.org/core. IP address: 79.130.140.124, on 12 Aug 2026 at 13:32:46, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/51759078726103626


https://doi.org/10.1017/S1759078726103626
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

International Journal of Microwave and Wireless Technologies

(a) Phase aci:umulation
0=prg
DW Zy By, length, DW
Port 1 gap Port 2

(b) Lo L= A4 Zgow £ = M4
DW l DW
Port 1 slot slot Port 2

Figure 3. Transmission-line models of the proposed dielectric-waveguide interconnects: (a) truncated interface with a free-space gap, where phase accumulation (6 = 3, * g)
causes transmission ripple; (b) back-to-back QWM-slot interconnect, where Z,; and £ ~ A /4 improve impedance matching and reduce reflections.
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Figure 4. Simulated |E| near the interface at 275 GHz for (a,b) truncated and (c,d) QWM-slot terminations under identical gap/offset conditions. The QWM-slot confines and

redistributes the field within the coupling region, improving misalignment tolerance.

QWM -slot termination provides substantially larger misalignment
tolerance (e.g., 100 ym at the —3 dB threshold), which is the more
relevant figure of merit for hybrid-integrated assemblies.

Full-wave CST simulations show that the QWM slot supports a
localized standing-wave pattern in the slot region, where the stored
electric and magnetic energies are redistributed such that the net
reactive component seen from the waveguide is minimized. One
practical way to identify the quarter-wave condition numerically
is to monitor the input reflection coeflicient S;; at the waveguide
port as a function of slot length, and to select the geometry that
minimizes |S;;| near the target frequency. Alternatively, from the
|E| field distribution shown in Fig. 4, the progression of the dom-
inant field component inside the slot, e.g., E, along the slot axis,
can be used to estimate the effective guided wavelength A, .. The
slot length can then be adjusted until the phase shift across the slot
approaches 7 /2 at the frequency of interest.

When two QWM-slot terminations are placed face-to-face with
a finite lateral offset, the localized field in each slot still couples
predominantly into the fundamental mode of the opposing waveg-
uide, as long as the overlap between the slot apertures remains
appreciable. Unlike the truncated case, the presence of the reso-
nant slot reduces the sensitivity of the effective impedance to the
exact gap size and lateral alignment. In other words, the QWM slot
provides an intermediate matching region that partially “buffers”
geometrical perturbations, so that the input sees a relatively sta-
ble impedance even under moderate misalignment. This behavior

is evident in Fig. 2(c), where the QWM-slot termination exhibits
significantly lower additional loss than the truncated case, with val-
ues generally remaining below 2 dB over the investigated offsets
and frequencies.

In summary, while the truncated termination offers the highest
transmission coefficient under perfect alignment, the QWM-slot
termination provides significantly improved robustness against
realistic misalignments and gap formation. By exploiting quarter-
wave impedance transformation in a compact slot geometry,
the QWM slot maintains low reflection and high transmission
coeflicient over the operating band, enabling reliable dielectric-
waveguide interconnects for practical THz modules and systems.

Measurement

The two sets of silicon dielectric waveguide samples were fabri-
cated using deep reactive ion etching (DRIE). Each sample was
terminated on one end with either a truncated or a QWM-slot
waveguide, forming the interconnect under test, while the oppo-
site end incorporated a 4 mm linear taper to interface the dielectric
waveguide with a metallic hollow waveguide. For this transition, a
cyclic olefin copolymer (COC) holder structure [31] with a circu-
lar flange-style alignment was designed to support and position the
silicon waveguide. While this study focuses on translational offsets
along the X, Y, and Z axes, it is noted that angular misalignments,
though not explicitly investigated here, may also occur in practical
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Figure 5. (a) Photograph of experimental setup, Microscopic image, (b) top view, (c) side view, and (d) fabrication tolerance at interconnect.

packaging. Nevertheless, translational tolerance remains the pri-
mary metric for robustness in pick-and-place assembly and mod-
ular THz integration, where positional placement errors typically
dominate the alignment budget. Measurements were performed
using an Anritsu VectorStar vector network analyzer (VNA)
with Virginia Diodes WR-3.4 (220-330 GHz) frequency exten-
sion modules equipped with hollow metallic waveguide ports. The
experimental setup is shown in Fig. 5(a), with an inset highlight-
ing the silicon waveguide mounted on its COC holder. A standard
SOLT (Short-Open-Load-Thru) calibration was used to shift the
reference plane to the hollow waveguide interface, and all results
were normalized to the coupling response of a straight silicon
dielectric waveguide terminated with 3 mm tapers on both ends.
An optical microscope was used to monitor the relative alignment
of the two silicon waveguides during measurements, and motor-
ized translation stages were employed to introduce and quan-
tify controlled offsets, enabling accurate evaluation of the offset-
dependent transmission coefficient. To account for residual offsets
arising from fabrication over-etching and finite positioning resolu-
tion, the coupling coefficient was also simulated assuming a 50 um

lateral offset, ensuring a fair comparison between measurement
and simulation.

Figure 6 presents a comprehensive comparison of the normal-
ized simulated and measured S-parameters for both interconnect
terminations across the 220-330 GHz band. Figure 6(a) shows
the transmission coefficient |S;,|, where the QWM-slot termi-
nation (red) achieves an average insertion loss of approximately
—2.5dB with relatively flat spectral response and peak transmis-
sion approaching —2dB near 275GHz. In contrast, the trun-
cated termination (black) exhibits higher insertion loss, averaging
around —4 dB with pronounced frequency-dependent variations
reaching —5dB near 280 GHz. The simulated response (dashed
black line) for the truncated case shows better performance (-2.5 to
-3 dB), indicating that the measured degradation is primarily due
to fabrication tolerances and assembly misalignment.

The reflection coeflicient |S;;| in Fig. 6(b) reveals that both
terminations maintain good return loss across the band. The trun-
cated termination shows measured reflection levels between -13
and -16 dB, with the simulated response (dashed black) predict-
ing slightly different performance (-11 to -12 dB). The QWM-slot
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Figure 6. Comparison of simulated and measured S-parameters and signal integrity metrics for the truncated and QWM-slot interconnect designs (a) Transmission coefficient
(|S12]), (b) reflection coefficient (|Sy,]), (c) transmission phase response (£S,,), and (d) time-domain impulse response h(t). Dashed lines represent simulations while solid lines

denote experimental measurements.
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Figure 7. Coupling response under lateral misalignment for truncated (a-c) and QWM-slot (d-f) interconnects. The offset is defined relative to the nominal aligned
configuration (0 mm). (a,d) x-offset (longitudinal separation), (b,e) y-offset (vertical shift), and (c,f) z-offset (transverse lateral shift).

termination demonstrates superior reflection suppression, with
measured values consistently below —9 dB and reaching —10 dB
around 260 GHz. The simulated QWM-slot response (dashed
red) shows even better matching, with reflection levels approach-
ing —20dB near 280 GHz, confirming the effectiveness of the
quarter-wave impedance transformation in minimizing interface
mismatch.

Figure 6(c) displays the transmission phase /S, as a function of
frequency. Both terminations exhibit nearly linear phase progres-
sion, characteristic of propagation delay through the interconnect

structure. The QWM-slot (red) shows a phase variation from
approximately 0° at 220 GHz to —2.310x*" at 330 GHz, while the
truncated termination (black) follows a similar trend with a slightly
steeper slope, ranging from 0° to approximately —2.0x*". The lin-
ear phase response confirms minimal dispersion and indicates that
both interconnects preserve signal integrity across the operational
bandwidth.

The time-domain impulse response in Fig. 6(d) is obtained
via inverse Fourier transform of the measured S-parameters. Both
terminations produce a sharp main pulse centered near 0.5ns,
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with the QWM-slot (red) exhibiting a peak amplitude of approxi-
mately 0.028 [rel.] and the truncated termination (black) showing
a slightly lower peak of about 0.008 [rel.]. The QWM-slot demon-
strates cleaner temporal characteristics with reduced ringing and
lower residual reflections beyond 2 ns, consistent with its superior
impedance matching observed in the frequency domain. The trun-
cated termination shows more pronounced secondary reflections
between 10 ns and 1 ns, attributed to impedance discontinuities at
the waveguide interface. Both responses decay to negligible levels
beyond 2 ns, confirming that the interconnects introduce minimal
temporal distortion and are suitable for high-speed data trans-
mission applications. The QWM-slot exhibits good agreement
between simulation and measurement, whereas larger deviations
are observed for the truncated termination when compared to the
ideal, perfectly aligned simulated case in Fig. 2(a). These discrep-
ancies are attributed to misalignment between the interconnected
waveguides, clearly visible in both top and side microscope views.
As highlighted by the red dotted circles, fabrication over-etching
and assembly tolerances introduce residual offsets that degrade the
transmission coefficient and increase insertion loss. Due to inher-
ent fabrication tolerances and limitations of positioning systems
in practical THz assemblies, such misalignments are unavoidable.
To quantify their impact, the transmission efficiency was evalu-
ated as a function of offset along the X, Y, and Z directions. The
measured attenuation maps, with performance quantified from
0 to -20dB, are presented in Fig. 7 for the truncated (a-c) and
QWM-slot (d-f) terminations. For a more application-oriented
comparison, the offset values corresponding to signal losses of
—3dB, —6dB, and —10dB were extracted, as these thresholds
represent meaningful degradations in link budget and system reli-
ability. The resulting tolerance levels are summarized in Table 1.
Notably, the —3 dB tolerance of 100 um achieved by the QWM-
slot termination (Table 1) falls within typical placement capability
for automated assembly, supporting packaging-centric use cases
such as modular sub-THz front-ends and array interconnects. The
QWM -slot interconnect achieves a measured —6 dB tolerance of
240 pm (Table 1), which is significantly larger than typical silicon
etching misalignments (4-50 ym) and assembly errors in THz sys-
tems (100 m). While the offsets introduced in the laboratory are
predominantly translational and idealized, practical modules also
exhibit angular and rotational misalignments. Although angular
misalignments were not explicitly investigated in this experimental
study, the extended coupling region of the QWM-slot is expected to
reduce sensitivity to general assembly imperfections, thereby sug-
gesting a more robust framework for the packaging and integration
of THz modules.

Conclusion

To contextualize the performance of the proposed interconnects
within the broader THz integration, Table 2 benchmarks the
QWM -slot termination against the most relevant dielectric and
metallic interconnection technologies previously reported. In this
work, we have proposed and experimentally demonstrated dielec-
tric waveguide terminations for robust interconnection in hybrid-
integrated THz systems. In particular, a QWM slot termina-
tion enables a compact, contactless interface between substrate-
less all-silicon dielectric waveguides. Compared to the conven-
tional truncated interconnect [28], the QWM-slot termination
improves the peak interconnection coupling by approximately
2.5dB across the 220-330 GHz band and maintains a —3 dB cou-
pling tolerance up to 100 ym. The three-axis offset characterization
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Table 1. Evaluated misalignment thresholds for —3, —6, and —10dB signal
attenuation levels. Values correspond to the frequency-averaged transmission
coefficient over the 220-330 GHz band

Interconnect Axis —3dB —6dB —10dB
Truncated X = 200 pum 400 um
Y = 200 pum 200 um
z = 200 pm 300 um
QWM-slot X 100 um 240 um 450 um
Y 100 m 240 pm 400 pm
z 100 m 240 pm 450 pm

Table 2. Comparison of representative contactless or interface-oriented
mm-Waves or THz interconnect approaches

Band Loss
Technology (GHz) (dB) Tolerance Footprint CF!
Fiber-Si 220-330 ~2.2 Sensitive Large Yes
interface [23]
Two-conductor 220-500 <2.0 N/A? Large No
port [25]
Truncated 220-330 ~4.5 <50 um Compact Yes
Si-DWG [28]
Trunc. & QWM 220-330 5.0/ Qualitative Compact Yes
[26] 2.5
QWM-slot (this  220-330 ~2.5  100um Sub-)\ Yes

work)

Note: *CF: Contactless Facilitation (ability to maintain performance across a physical gap).
2N/A: Not applicable (metal-assisted port, not a gap-based interconnect).

further reveals smooth and predictable decoupling over a separa-
tion range of approximately 1 m. While angular and rotational
tolerances remain an important subject for future investigation, the
demonstrated three-axis translational robustness already addresses
the dominant alignment errors encountered in practical hybrid-
integrated sub-THz modules.

Beyond the measured performance gains, the QWM slot pro-
vides two complementary physical benefits that are central to its
robustness. First, it acts as an impedance-matching element, reduc-
ing the effective reflection at the interface via a QWM-slot termi-
nation [27]. Second, it redistributes the fields into an extended slot
aperture, which relaxes the sensitivity to translational offsets and
provides leverage in practical packaging and assembly. Together,
these effects yield a compact and packaging-tolerant intercon-
nect concept for substrateless silicon dielectric waveguides. A spe-
cific application of the proposed QWM-slot interconnect is the
contact-free, short-reach routing of sub-THz signals in modu-
lar 6G front-ends or multi-chip modules (MCMs). For instance,
it can interface a packaged transmitter/receiver IC with a pas-
sive all-silicon dielectric-waveguide distribution network feeding a
phased-array antenna tile. In such assemblies, thermal expansion,
mechanical vibration, and pick-and-place placement errors make
sub-10 m alignment unrealistic. The measured translational tol-
erance of up to 100 pm at the —3 dB threshold (Table 1), combined
with the compact sub-) footprint, enables repeatable module-to-
module assembly with relaxed translational alignment require-
ments. This packaging-oriented approach directly addresses the
practical “last-centimeter” interconnect challenges in scalable 6G
hardware and high-throughput THz sensing modules.
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