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Executive Summary

This deliverable addresses Task T2.3 (WP2) of the ECO-eNET project, whose objective is to develop
and experimentally validate key radio fixed wireless (RFW) photonic components enabling high-data-
rate sub-terahertz (sub-THz) links for future edge and access networks. Specifically, the deliverable
targets the task objective of realizing and characterizing chip-scale photonic building blocks for energy-
efficient, high-bandwidth sub-THz transmission, building on the modelling and specifications
established in Deliverable D2.1. Over the first 24 months of the project, ETH Zurich and Polariton
successfully fabricated and characterized the core RFW components required for an end-to-end
photonic sub-THz link. Key results include the realization of waveguide-integrated graphene
photodetectors, with first-generation devices validating the underlying concept and second-generation
devices demonstrating a flat frequency response up to 350 GHz. Low-loss optical edge couplers were
measured and shown to effectively reduce insertion loss, while plasmonic modulators were fabricated,
co-integrated with on-chip antennas, and shown to operate stably over extended periods. In addition, a
dedicated experimental testbed was established, enabling the evaluation of plasmonic components in
a 5 m wireless data-link scenario and providing a foundation for future system-level experiments. During
the work, a key challenge was identified in achieving efficient and broadband coupling between on-chip
antennas and external high-gain sub-THz antennas. This limitation, if unaddressed, could negatively
impact bandwidth and link performance. To mitigate this risk, a dedicated RF packaging concept was
designed to enable controlled RF transitions and improved impedance matching. The package design
has been completed, and fabrication and experimental validation are planned, with results to be
reported in Deliverable D4.1. In conclusion, this deliverable demonstrates that the project objectives for
WP2 have been successfully met, with the fabrication and initial validation of the main photonic RFW
building blocks required for high-data-rate sub-THz wireless links. The results confirm the viability of a
fully photonic approach to sub-THz transmission with reduced power consumption and footprint.
Ongoing work on packaging, antenna integration, and system-level testing will further mature the
technology and enable long distance wireless demonstrations in WP4.
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1. Introduction

This deliverable details the fabrication and characterization of the RFW components required for radio
wireless systems capable of terabit transmission, which are undertaken by ETH Zurich and Polariton.
The work encompasses the initial 24-month of the partners’ activities in ECO-eNET as set out in WP2.
The results about modelling, specification and design processes of the RFW components are
documented in Deliverable D2.1 [1] and are used as input to this work. It should be noted that RFW
refers to high-speed radio frequency connectivity between two fixed locations. As this will be achieved
using frequencies between 200 — 300 GHz within the ECO-eNET project, the term sub-terahertz (sub-
THz) is used to describe the related technological developments throughout this document.

The sub-THz components under development leverage emerging chip-scale photonic integration
technologies to address the size, weight, and power limitations of conventional electronics-based sub-
THz transmitters and receivers. Although optical-sub-THz interactions have been studied for decades,
most photonic integrated circuit (PIC) efforts focused on carrier generation and detection rather than
data modulation, largely due to the limited electrical bandwidth of platforms such as silicon photonics
(~40 GHz). The joint ETH—Polariton work presented here advances a fully photonic, end-to-end sub-
THz link that significantly reduces power consumption and footprint compared to electronic solutions.
Central to this approach is a plasmonic modulator that overcomes current PIC bandwidth constraints
while remaining compatible with silicon photonics. Combined with an ultra-high-bandwidth graphene
photodetector (PD) for sub-THz generation, low-loss optical couplers, and high-gain sub-THz antennas,
these elements form the core RFW technology building blocks. Together, they enable direct optical-to-
sub-THz-to-optical transmission without intermediate frequency-mixing stages, supporting high-data-
rate communication at sub-THz frequencies.

The following sections of this report present the experimental validation of the developed sub-THz
components. This includes detailed measurements of the individual devices, alongside a comparison
of the measured performance against the specifications defined in Deliverable D2.1 [1]. A description
of the experimental testbed used for characterization is also provided, outlining the measurement setup
and procedures. Finally, observed deviations from the target specifications are discussed, together with
the key technical challenges encountered during implementation and testing.
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2. Sub-THz Component Measurements

2.1. Edge Coupler

Reducing fibre-to-chip coupling loss to below 1.5 dB per interface is essential for enhancing SNR and
lowering the energy consumption of the transmitter and receiver. To achieve this, sub-wavelength
grating (SWG) edge couplers implemented on a silicon photonics platform are employed. As detailed
in Chapter 3.2.1 and 3.6.1 in D2.1 [1], these couplers offer high efficiency, minimal polarization
sensitivity, compatibility with plasmonic device fabrication, and greater robustness to fabrication
variations than inverted tapers [2]. The structure is realized on an SOI wafer with a 220 nm silicon layer
and 3 ym buried and top oxide layers. The silicon waveguides and edge couplers are structured using
electron beam lithography and inductively coupled plasma (ICP) dry etch. A SiO2 cladding with a
thickness of 3 um is deposited using plasma enhanced chemical vapor deposition. The edge coupler
facets are etched using ICP and deep reactive ion etching (DRIE). The edge couplers are measured
using a multicore fibre with a mode field diameter of 4 ym. The transmission through one edge coupler
for different tip widths is shown in Figure 2.1. For the TE polarization, the highest transmission over the
S-, C-, and L-bands is achieved with a tip width of 260 nm, see Figure 2.1 (a). For the TM polarization,
the optimal tip width is 300 nm, see Figure 2.1 (b).
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Figure 2.1 Measured transmission through one SWG edge coupler for different tip widths for (a) the TE polarization
and (b) TM polarization. The optimal tip widths of 260 nm could be identified for both polarizations.

The transmission of the best performing device for the TE polarization is shown in Figure 2.2 (a). This
device has a tip width of 250 nm and achieves a peak coupling efficiency of > -1.5 dB for the TE mode
and a polarization dependent loss of 1 dB. This coupling efficiency includes the loss of the multicore
fibre. The device with the lowest polarization dependent loss has a tip width of 300 nm. The coupling
efficiency is shown in Figure 2.2 (b).
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Figure 2.2 (a) Measured transmission through one SWG edge coupler with the lowest loss for the TE polarization
and (b) with the lowest polarization dependent loss.

2.2. Graphene Photodetectors

During the first phase of the project, high-speed plasmonic graphene photodetectors have been
simulated and designed. The design and simulation results are reported in D2.1 [1] whereas the
measurement results are reported here and with more detail in [3]. The proposed waveguide-integrated
plasmonic graphene photodetector is illustrated in Figure 2.3. A schematic top view of the architecture
is shown in Figure 2.3 (a). A graphene sheet is transferred onto the waveguide and subsequently
patterned. Two ground lines contacting the device on the left and right sides are deposited using a lift-
off process. At the center of the 1.8 um long device, elliptical structures are designed and deposited to
act as plasmonic gold resonators. These resonators enhance the optical field at a resonant wavelength
that can be adapted over a broad spectral range corresponding to the incoming center wavelength of
the signal to be carried on the RFW link and are electrically connected to the central signal pad for
efficient collection of photoexcited carriers within the graphene layer. The device is embedded in an
aluminum oxide layer, on top of which a gold layer is deposited. This layer, indicated by the orange
dashed “Top Gate” outline in Figure 2.3 (a), enables electrostatic gating of the device. Light is coupled
into the waveguides using grating couplers and guided to the photodetectors on the 220 nm silicon-on-
insulator platform. Figure 2.3 (b) shows the simulated electric field distribution at the resonance
wavelength of the resonator structure. Enhancement of the electric field close to the resonators enhance
the absorption in graphene and therefore increases the produced photo-current of the device. A false-
colored scanning electron micrograph of the fabricated device is shown in Figure 2.3 (c). The plasmonic
resonator structures are clearly visible and define the active region of the photodetector, which is
designed to provide strong optical absorption within the compact device footprint.

Incoin , Topiiale (b)

[arb. u.]

Figure 2.3 Concept of wavegquide-integrated plasmonic graphene photodetector. (a) Schematic top-view of the
designed photodetector. A ground-signal-ground configuration is created with the use of a centre conductor, which
includes plasmonic resonators directly connected to the signal contact. (b) Electric field simulation, showing the
optical field enhancement of the plasmonic resonators. (c) Corresponding scanning electron micrograph of the
fabricated device (colorized, before top gate deposition) [3].

The graphene photodetectors were characterized with respect to frequency response, electrical biasing
conditions, and wavelength-dependent responsivity. The corresponding results are summarized in
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Figure 2.4. The frequency response of the device is presented in Figure 2.4 (a). Measurements were
performed using a C-band laser beating setup covering the frequency range from 2 to 330 GHz, with
the device operated at 0 V bias between signal and ground and a top-gate voltage of =10 V. Based on
these measurements, a 3 dB electrical bandwidth of 155 GHz is extracted. Ongoing improvements in
the electrode design have already led to a next-generation device design with enhanced bandwidth
performance, to extend the bandwidth to 330 GHz. Measurements on these devices are currently in
progress, and the deliverable will be updated with the corresponding results as soon as the
measurements are concluded. The electrical tunability of the photodetector was investigated by
sweeping the top-gate voltage, as shown in Figure 2.4 (b). A maximum device resistance of 255 Q is
observed at a gate voltage of —38 V, indicating a negatively doped graphene channel. Responsivity
measurements performed at different gate bias points reveal optimal performance when the gate
voltage is set slightly below —38 V. The wavelength-dependent response of the device was examined
by sweeping the illumination wavelength from 1460 nm to 1640 nm. Figure 2.4 (c) shows the relative
responsivity normalized to the response at 1550 nm. An increase in responsivity toward longer
wavelengths is observed. Inspection of the as-fabricated device reveals a slight increase in the
dimensions of the elliptical plasmonic resonators compared to the nominal design, consistent with the
measured red-shift of the resonance. Maximum on-chip responsivities exceeding 200 mA/W are
achieved at 1640 nm, while a responsivity of 68 mA/W is measured at 1550 nm.
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Figure 2.4 Characterization of the waveguide-integrated plasmonic graphene photodetector: (a) frequency
response, (b) gate-dependent resistance and responsivity, and (c) wavelength-dependent responsivity [3].

As seen in Figure 2.4, the bandwidth and responsivity at 1550 nm of the first-generation graphene
photodetectors does not yet satisfy the component specification calculated from link budget
calculations, see Table 2.1. To address these limitations, a second generation of graphene PDs is
fabricated and characterized. The improved design has a new RF pad design, which allows for
bandwidths above 350 GHz. Figure 2.5 shows a flat reflection coefficient between 220 — 320 GHz of
the second-generation PDs, which fulfils the bandwidth requirement. Furthermore, the resonator design
is adjusted to shift the responsivity peak from 1600 nm to 1550 nm. This should enable a responsivity
of > 0.1 A/W at 1550 nm. The measurements of the responsivity will be added to the deliverable once
they are concluded.
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Figure 2.5 Measured reflection parameter of the second-generation PDs with an improved pad design to support
bandwidth up to 350 GHz. The improved pad design shows a flat response up to 320 GHz.

In summary, a waveguide-integrated, enhanced graphene photodetector with a measured bandwidth
of 155 GHz and on-chip responsivities exceeding 200 mA/W in the L-band and 68 mA/W in the C-band
is demonstrated. Furthermore, a second-generation PD is fabricated, which improves the bandwidth to
>320 GHz (limited by measurement equipment) and is expected to have a higher responsivity at 1550
nm of > 100 mA/W. This second-generation photodetector design will be used in the system
experiments planned for WP 4.

2.3. Modulators

Plasmonic modulators demonstrate exceptional bandwidth capabilities, enabling operation from MHz
frequencies up to the terahertz range. The ECO-eNET sub-THz links make use of Polariton’s advanced
modulator designs co-designed with the sub-THz antenna for use in confluent edge networks. In
contrast to the standard design shown below, no electrical packaging is required for this component,
and we thus separately examined the modulator without metallic feeds. Recent results for this isolated
modulator used as subcomponent for ECO-eNET achieved electro-optic bandwidths approaching 1
THz, with measured 3-dB points near 880 GHz and 997 GHz (Figure 2.6), representing the highest
bandwidth achieved by any electro-optic device to date [4]. While the slot width and electrical pad shape
is relevant for the bandwidth at frequencies beyond 700 GHz, the plasmonic phase shifter is fully
compatible with the desired frequencies in this project and paving the way for even faster links. The
frequency response remains flat across a broad range, confirming the modulators’ suitability for both
analog and high-speed digital applications. Conversion efficiency from RF input to optical sideband
power is optimized by the strong overlap of electrical and optical fields in the plasmonic slot, enabling
effective signal transfer even at very high frequencies.

(c) Linear Frequency Requpsé'.’
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Figure 2.6 Normalized modulation efficiency of plasmonic modulator [4].

Adding metallic feeds for the RF signal transmission reduces the bandwidth due to additional capacitive
and resistive components. Recent measurements of standard Mach-Zehnder modulators demonstrated
that despite these limitations a bandwidth of 350 GHz was achieved (Figure 2.7).

9

6- . I.'.
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Frequency [GHz]
Figure 2.7 Bandwidth measurement of standard Mach-Zehnder modulator with RF feeds suitable for packaging.

EO Modulation
Response [dB]

The compact plasmonic architecture enables efficient modulation with competitive electrical parameters. The
following performance values were measured with the standard Mach-Zehnder design to enable measurements of
a statistically relevant sample size. Since these values do not depend on the electrical pad layout, they can be
applied also to the ECO-eNET modulator subcomponent. Typical Vi values for Mach—Zehnder modulators range
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from 3.1 V to 4.7 V depending on device length, while insertion losses are in the order of 8-10 dB for standard slot
lengths (

Figure 2.8). Power handling tests confirm stable operation under elevated optical powers and RF drive
conditions, supporting robustness for high-speed links.
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Figure 2.8 Plasmonic Mach-Zehnder modulator device loss (left) and Vi, s0aeq.) (right) for different plasmonic lengths

[5].

Long-term stability studies indicate reliable performance under ambient and elevated temperature
conditions. Devices maintain functionality over thousands of hours, with only minor voltage drift
observed during burn-in phases. Compared to the publication in 2024, we show stability at significantly
higher temperatures and optical input powers. Figure 2.9 shows high-temperature operational tests of
Mach-Zehnder modulators at 50°C with an optical input power of 9 dBm with minimal variation in Vx
over a few 1000s of hours in ambient atmosphere, while storage tests confirm excellent stability at even
higher temperatures. These results underline the maturity of plasmonic modulators for deployment in
demanding environments, including wireless applications.
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Figure 2.9 (left): High-temperature operational test at 50°C / 9 dBm input power and (right) high-
temperature storage test at 85°C of Mach-Zehnder modulator.

2.4. Sub-THz Antennas

The antenna integrated with the plasmonic modulator is designed as a thin bowtie structure, chosen for
its ability to provide broadband reception and strong field enhancement across the sub-THz range.
Bowtie geometries inherently support wide impedance bandwidth due to their tapered arms, which
minimize reactive effects and allow efficient coupling over a large frequency span. A central gap in the
antenna, which is the plasmonic slot, concentrates the electric field, maximizing the overlap between
the incoming RF field and the electro-optic material. This localized field enhancement is critical for
achieving high modulation efficiency without resorting to resonant structures that would limit operational
bandwidth. Furthermore, the planar nature of the bowtie design ensures compatibility with standard on-
chip fabrication processes, enabling compact and scalable integration for future high-speed wireless-
to-optical conversion systems.
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Figure 2.10 (left) Concept of plasmonic modulator antenna. (right) Field enhancement responses of different
antenna geometries, showing best broadband performance of thin bowtie [6].

As part of the work in T2.3, we performed simulations of different antenna structures. According to these
simulation results, differently shaped antennas were fabricated (Figure 2.11). Because of layer stack
restrictions all antennas are designed with grating couplers instead of edge couplers. This will lead to
slightly higher losses but otherwise does not have any performance implications. The results in Figure
2.10 confirm the wideband performance benefits of the bowtie structure for the ECO-eNET project.

Figure 2.11 Micrograph image of fabricated chip with an exemplary plasmonic antenna.
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2.5. Comparison to Components Specifications

In Table 2.1, we compare components specifications defined in D1.2. While some characteristics have
not yet been measured, the requirements are generally satisfied. Regarding requirement EC-1, the
additional insertion loss of 1.2 dB for the TM mode can be compensated by increasing the optical input
power into the PIC and attenuating the TE mode to balance the polarizations. We do not expect a
significant impact on the link budget and energy consumption. Requirement PD-1, PD-4 and ANT-2 will
be measured in Q1 of 2026, and the deliverable will be updated with the results. ANT-1 will be measured
and reported in deliverable 4.1 which concerns the outdoor RFW and FSO joint transmission link and
performance results.

Table 2.1 The primary requirements and measurements for the sub-THz Components, where EC denotes the edge
coupler, PD the graphene photodetector, PMZM the plasmonic Mach-Zehnder modulator, and ANT the antenna

system.

Req. ID Description Measurement

EC-1 The SSMF-to-chip coupling efficiency shall | Partially fulfilled: Coupling efficiency of
be below > -1.5 dB for TE and TM mode, | TE mode is -1.7 dB, of TM mode is -
including splicing loss between SSMF and a | 2.7 dB.
high-NA fibre.

EC-2 The EC be polarization insensitive with | Fulfilled: The PDL is approximately 1
polarization dependent loss (PDL) < 1 dB | dB
shall be achieved.

EC-3 The EC shall have an optical bandwidth > | Fulfilled: Optical bandwidth larger than
100 nm between at 1550 nm 180 nm

EC-4 The EC shall be designed for high-NA fibre | Fulfilled: Measured with high-NA fibre
with MFD of 4 um or greater. with 4 ym MFD.

PD-1 The responsivity of the graphene-PD shallbe | To be measured using second
> 0.1 A/W in C-band at 1550 nm generation PD

PD-2 The optical bandwidth of the graphene-PD | Fulfilled
shall be > 20 nm at 1550 nm

PD-3 Electrical bandwidth of the graphene-PD | Fulfilled: Flat response until 320 GHz,
shall be >350 GHz limited by measurement equipment.

PD-4 The graphene-PD shall not exhibit saturation | To be measured
effects at 10 dBm of optical input power,
therefore  responsivity should remain
constant between 0 mW and 10 mW of
optical input power.

PMZM-1 The plasmonic MZM should have a half- | Fulfiled: The plasmonic MZM has a
wave voltage <7 V- ym half-wave voltage <6 V - um.

PMZM-2 The optical insertion loss of the PMZM shall | Fulfilled: The optical insertion loss of
be <15 dB at 1550 nm the PMZM is < 14 dB at 1550 nm.

PMZM-3 The long-term operation (> 100 h) at 10 dBm | Largely fulfilled: Long-term operation
of optical input power shall increase the half- | (> 2000h) at 9 dBm of optical input
wave V0|tage (VTI) not more than 10 %. power at 50°C increases the half-wave

voltage (V) not more than 10 %.
PMZM-4 The PMZM shall have an electrical | Fulfiled: The PMZM has a bandwidth

bandwidth >350 GHz.

of >350 GHz.
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ANT-1 The combined antenna system shall have an | To be measured
antenna gain of 55 dBi or more.

ANT-2 The antenna shall cover the bandwidth | To be measured
between 200 — 310 GHz

3. Wireless Link Measurements

3.1. Full Plasmonic Link Test Bed

To characterize the plasmonic graphene PDs and modulators in a free-space data link, a testbed is built
in the lab. Details about the testbed and experiment are published in [7]. Figure 3.1 illustrates the
experimental testbed used to demonstrate a plasmonic wireless—fibre link. The setup consists of a
conventional coherent optical communication transmitter (Tx) and a coherent optical receiver (Rx),
which are interconnected through two remote antenna units (RAUs). These RAUs form the interface
between the optical fibre domain and the sub-THz wireless link. At the transmitter-side RAU, the optical
signal is converted into the electrical domain by means of laser beating in a high-speed graphene PD.
The graphene PD in this experiment is free-space coupled, but the testbed can accommodate edge
coupled PDs as-well. This optical-to-electrical conversion generates an RF signal centred around 285
GHz. The generated sub-THz signal is extracted using an RF probe and subsequently amplified by a
low-noise amplifier followed by a medium-power amplifier. The amplified signal is then radiated into free
space using a horn antenna. The wireless transmission is performed over a 5 m free-space path, which
introduces a path loss of approximately 96 dB. At both ends of the wireless link, horn antennas and
dielectric lenses are employed to improve the link budget. The combined gain of the two antennas and
two lenses amounts to 43.5 dB per side, effectively reducing the net free-space channel loss to
approximately 9 dB. To simulate the free-space loss encountered in a 1-kilometre link, an attenuator
can be inserted after the Rx antenna.

Remote Antenna Unit (Tx) Channel Remote Antenna Unit (Rx)
- 285 GH.
® NIR s B8 5, 285GHz o |

& il ol

Plasmonic Photodetector Plasmonic Modulator

All-Plasmonic
sub-THz Wireless Bridge

Figure 3.1 Schematic overview of the all-plasmonic wireless channel testbed. The sub-THz wireless channel can
be placed in a standard fibre optical network and may be used to bridge remote locations [8].

A high-speed data experiment is performed to characterize the plasmonic devices within our testbed.
This link demonstration is the first full plasmonic sub-THz link and is published in [8] as-well. Figure 3.2
shows the frequency response of the full sub-THz channel (from PD to MZM) and the measured
received constellation diagrams of the different tributaries corresponding to the signal. Data was
optically modulated at 1550 nm and transmitted using Nyquist-Division Frequency Multiplexing (NFDM)
with six tributaries, resulting in an aggregated signal bandwidth of 48 GHz. The system performance
was primarily limited by the electrical RF components, yielding a measured 3 dB bandwidth of 30 GHz.
Appropriate modulation formats and power loading were applied to the individual tributaries to optimize
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transmission quality, enabling an aggregated line rate of 120 Gbit/s. Tributaries 2—4 are encoded using
8QAM, while tributaries 1 and 5-6 employ 4QAM modulation. At the receiver, coherent detection and
low-complexity digital signal processing were employed, confirming the linear behavior of the plasmonic
link. Performance evaluation based on mutual information shows that the achieved transmission meets
forward error correction requirements, resulting in a net data rate of 97.4 Gbit/s.

@ Tributary 1 Tributary 2 Tributary 3 Tributary 4 Tributary 5 Tributary 6
=)
@
=
g
[z}
i)
o
<
(%]
g i
S 250 270 290 310 330 GMI [Bit/Symb]
Frequency [GHz] 1.778 2.347 2332 2.342 1.818 1.712

Figure 3.2 Frequency response of the link (PD to MZM), illustration of the six NFDM tributaries, and corresponding
received constellations after linear equalization [8].

Due to the use of free-space coupled graphene PD in this experiment, the responsivity and therefore
the sub-THz output power are reduced compared to the waveguide coupled graphene PD. To overcome
this power limitation, two sub-THz amplifiers have been employed at the transmitter and one at the
receiver to amplify the sub-THz signal to suitable levels. For the demonstration in WP4, waveguide
coupled graphene PDs with a higher responsivity and output power will be used, see Figure 2.3.
Nonetheless, to bridge 1 kilometre, two sub-THz amplifiers will be needed in the field demonstration in
WP4. The upper limit of the energy consumption of both amplifiers is 14.4 pJ/bit at the targeted net rate
of 1 Thit/s. This value is in good agreement with, and well within, the targeted energy consumption
budget of 40 pJ/bit.

3.2. Sub-THz Link Transmitter

The characterization of the full sub-THz transmitter could not yet be concluded, as the characterization
of the graphene PD is not yet concluded. This deliverable will be updated with results of the second-
generation graphene PD characterization while measurement of the full sub-THz transmitter will be
reported in D4.1. Nevertheless, a bandwidth higher than 320 GHz could be measured and record-
breaking link performance has been reported at OFC [8]. The ongoing measurements as described in
Section 2.2 point to a satisfying performance in terms of responsivity and sub-THz output power. This
points to a successful fulfilment of the requirements defined in Table 2.1, which are needed to enable
high-data rate data transmission. In terms of energy consumption, it is anticipated that the graphene
PDs will be operated bias-free using the photovoltaic effect, therefore not consuming any electrical
power.

3.3. Sub-THz Link Receiver

Characterisation of bowtie antennas is not completed by the deadline of this deliverable and will be
reported elsewhere. Instead, results of a narrow bandwidth antenna are shown in Figure 3.3. This
antenna has an operating frequency band centred at 235 GHz with an approximate bandwidth of 40
GHz. This was measured using the setup described in Figure 3.3(a). The excellent overlap of simulation
and experiment for this antenna demonstrates successful device fabrication and provides confidence
in the performance of bowtie antennas with broader bandwidths. Plasmonic modulators do not need
any DC bias for the high-frequency port. Consequently, this plasmonic antenna is a passive device that
requires no drive power.
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Figure 3.3 (a) Experimental setup for wireless data transmission testbed. Opt. Tx, optical transmitter; UTC-PD, uni-
travelling carrier photodiode; RF Amp., radio frequency amplifier; OCPA, on-chip plasmonic antenna; Opt. RX,
optical receiver; OSA. (b) lllustration of a plasmonic modulator antenna. (c) Normalized optical spectrum measured
at the output of the optical waveguide of the plasmonic antenna. Taken from [9].

4. Deviations and Challenges

A key technical challenge identified in this work is achieving high-efficiency, broadband coupling
between the on-chip antenna and the external high-gain antenna. Efficient coupling is essential to
preserve signal integrity and bandwidth, particularly in the sub-THz frequency range, where impedance
mismatches, radiation losses, and packaging parasitics can significantly degrade system performance.

Simulations reported in D2.1 [1] have demonstrated that direct coupling of a sub-THz wave from a high-
gain antenna to an on-chip antenna is challenging. This difficulty arises from the excitation of substrate
modes that propagate through the chip. Depending on the operating frequency, these modes interfere
constructively or destructively with the antenna, resulting in degraded coupling efficiency and an uneven
frequency response. Several mitigation techniques, including back-etching and lapping, were
investigated through simulations, see Figure 4.1. Although these approaches can improve both coupling
efficiency and frequency response, further evaluation revealed that they are incompatible with the
established fabrication flow of the plasmonic devices, primarily due to substrate instability and warping.
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Figure 4.1 (a) Electric field distribution of the transmitting antenna at 200-300 GHz for different substrate
configurations. (b) Influence of substrate modes on the antenna reflection parameters (from D2.1) [1].

To address this challenge, the PIC will be integrated into a dedicated RF package, following a concept
like that reported in publication [10]. The concept of the RF package is shown in Figure 4.2.The
proposed package addresses the impedance mismatch between free space and the silicon substrate
by first coupling the signal from a rectangular hollow metallic waveguide into a dedicated sub-THz
silicon waveguide via a silicon taper. The silicon waveguide employs an effective-medium cladding for
field confinement, realized by an array of etched holes fabricated using deep reactive ion etching
(DRIE). he PIC, including the on-chip antenna, is positioned at the end of the sub-THz silicon
waveguide. Since both the waveguide and the PIC are fabricated from silicon and share the same
refractive index, impedance mismatch at the interface is significantly reduced. Moreover, guiding the
sub-THz wave within a silicon waveguide maintains strong field confinement, allowing a greater fraction
of the power to be collected by the on-chip antenna and thereby enhancing the overall coupling
efficiency. Another advantage of this package is that is compatible with commercial components such
as amplifiers or OMT, which allows for more flexibility in the system design.
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Figure 4.2 Concept of the RF package. The sub-THz wave is first coupled into a rectangular hollow-metal
waveguide on the left. The wave is coupled into silicon waveguide via a tapered structure. The wave is guided to
the PIC where it is coupled to the on-chip antenna via the backside. Edge coupling is used to couple the light in
and out of the PIC.

The RF package has been fully designed, and the corresponding CAD model has been completed. The
next steps include fabrication of the package in the workshop and subsequent experimental
characterization. The results of this characterization will be documented and reported in Deliverable
D4.1.
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Conclusions

The work reported here demonstrates the successful fabrication, integration, and initial validation of key
sub-THz photonic components. Waveguide-based graphene photodetectors were realized and
characterized, with first-generation devices confirming the viability of the concept and second-
generation devices exhibiting an improved, flat frequency response up to 350 GHz. In parallel, edge
couplers were measured and shown to effectively reduce optical insertion loss, while plasmonic
modulators were fabricated with record breaking electro-optical bandwidth and co-integrated with
antennas, exhibiting stable long-term operation. A dedicated testbed was also established, enabling the
evaluation of plasmonic components in a 5 m wireless data link, the first fully plasmonic sub-THz link.

Looking ahead, the completion of graphene photodetector characterization will allow this deliverable to
be updated with finalized results. The next critical steps include packaging the devices and integrating
them with high-gain sub-THz antennas, followed by full system-level data transmission experiments in
the testbed. These activities will prepare the components for long-haul wireless demonstrations planned
in WP4 and further validate their suitability for high-data-rate sub-THz links.
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