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Executive Summary 
This deliverable report is Deliverable 2.1 of the Smart Networks and Services Joint 

Understanding (SNS JU) funded project ECO-eNET. The deliverable is the first to arise from 

work package 2, ‘Transmission System Development’ of the project, and reports on the Free 

Space Optical (FSO) and Radio Fixed Wireless (RFW) component designs, modelling and 

specifications. These components constitute the fundamental technologies that form the high 

frequency radio and optical wireless link portions of the envisioned ECO-eNET mesh edge 

network. Their development directly addresses project objectives O1.1 and O1.2, Plasmonic 

RFW links and Low latency optical fixed wireless links as well as associated Key Performance 

Indicators (KPIs), to provide 1 Tb/s capacity over 1 km with a power efficiency not exceeding 

40 pJ/bit. In addition, the successful fabrication and characterisation of these components will 

pave the way for achieving Objective 3: Demonstration of key ECO-eNET technologies and 

network concepts by enabling the construction of both optical and RFW system testbeds for 

joint 1 Tb/s transmission over distances up to 1 km. 

The report details design processes related to the development and advanced iterations of 

new photonic chips, which will constitute the fundamental elements of next-generation ultra-

high-speed optical and RFW communications. The work presented in the following sections 

represents cutting-edge European design processes in photonic integration and provides 

blueprint development guidelines for the industrialisation of emerging photonic integrated 

circuit technologies.  

The culmination of the modelling, specification and design work herein are the finalised optical 

and sub-THz component designs presented in Section 6. The successful fabrication, 

characterisation and instantiation of these designs into transmission system testbeds will 

provide the physical platform for the achievement of ECO-eNET’s envisioned multi-technology 

mesh edge network. 
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1 Introduction 
This deliverable details the modelling, specification and design processes undertaken by 

Mbryonics, ETH Zurich and Polariton in the development of the key FSO and RFW 

components required to form optical and radio wireless systems capable of terabit-scale 

capacities. The work encompasses the initial 12-month design phase of the partners’ activities 

in the ECO-eNET project as set out in WP2. 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. 

A common theme through the development of all novel FSO and sub-THz components 

described in this report is the focus on photonic integration as an enabling technology for small 

form factor and scalable solutions. To counter the effects of atmospheric turbulence, state-of-

the-art FSO systems for terrestrial applications rely either on Forward Error Correction (FEC) 

coding and/or Adaptive Optics (AO) systems. The former is inadequate to deal with many 

transmission scenarios that arise, such as heavy fading resulting in lengthy outages beyond 

FEC capabilities. The latter is typically constructed using expensive and bulky optical 

components such as lenses and deformable mirrors to form a system capable of 

reconstructing the aberrated optical wavefront after transmission through a turbulent channel. 

While these typical AO-based solutions can hold a place for bespoke ‘one-off' deployments, 

their size and cost prohibit the wide-scale proliferation required to realise multi-technology 

mesh edge networks envisioned by ECO-eNET. To meet this challenge, Mbryonics is 

developing a novel AO sub-system based on a chip-scale Photonic Integrated Circuit (PIC) 

developed through an established open-access photonic foundry process. The sub-system 

comprises a photonic lantern for optical mode fan-out and a low loss Silicon Nitride (SiN) 

‘phasing’ PIC for coherent recombination of the received distorted optical signal. Through 

precise packaging of these components, the sub-system will enable the compensation of both 

intensity modulated and coherent modulated optical signals through a small form factor AO 

sub-system, termed a phasing PIC, constructed using relatively new but repeatable design 

and fabrication processes.  

In a similar vein, the sub-THz components to be developed rely on emerging chip-scale 

photonic integration technologies to overcome the drawbacks of size, weight and power 

consumption of traditional electronics-based sub-THz transmitters and receivers. While there 

is a long history of interaction of the optical domain and sub-THz frequency bands, optical 

systems and PIC developments in this area have primarily focused on sub-THz carrier 

generation and detection rather than data modulation, owing to the limited electrical bandwidth 

of photonic integrated platforms such as Silicon Photonics (SiPh) - ~ 40 GHz. The joint 

developments by ETH and Polariton described in this report represent a photonic approach to 

an end-to-end sub-THz link that inherently reduces power and footprint compared to 

electronics-based techniques. Furthermore, the modulator component to be developed 

overcomes the limitations of today’s photonic integration platforms by incorporating plasmonic 

modulators to enable the fabrication of energy-efficient and ultra-high-bandwidth devices, in a 

way that is complementary with SiPh. These plasmonic modulators paired with a transmitter-

side ultra-high bandwidth graphene photodetector for sub-THz carrier generation, low-loss 

optical couplers and high-gain sub-THz antennae constitute the novel RFW technology 

building blocks to be described in this report. Together, they offer an optical-to-sub-THz-to-

optical transmission system that circumvents the requirement for intermediary frequency 

mixing steps, while enabling the modulation and reception of high-data-rate signals over sub-

THz frequencies. 
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The following sections of this report detail the key design, specification and link modelling 

efforts undertaken for the novel FSO technology building blocks (the photonic lantern and the 

phasing PIC), and the RFW building blocks (the plasmonic modulators, graphene plasmonic 

detector, edge couplers and high-gain reflector antenna). Section 2 gives preliminary system 

and networking context around the deployment of the wireless link technologies within the 

envisioned ECO-eNET edge mesh architecture, as well as their potential for joint or hybrid 

operation within the system. The following sections follow a logical arc of high-level wireless 

component descriptions and functionalities, wireless component and link modelling, wireless 

component specifications and, finally, wireless component design. Each of these sections is 

broken down into sub-sections addressing the FSO and RFW development component by 

component.  
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2 ECO-eNET Network Context 
ECO-eNET's objective is to create a cell-free mesh edge network to provide the peak user 

data rates, resilience and low latency requirements for envisioned 6G services. This objective 

involves the development of a multi-technology optical access/radio transport network 

architecture that exploits emerging fibre, optical wireless, radio fixed wireless and waveform 

technologies. The merging of these high-capacity FSO, RFW and fibre links goes beyond a 

simple ‘convergence’ of radio and optical transmission technologies, by exploiting their flexible 

interoperation controlled by an AI-enhanced orchestration plane, to form a scalable platform 

for 6G networks. This is known as network confluence and is the core concept underpinning 

the ECO-eNET vision. 

To enable this type of confluent edge networking, the wireless transmission links must deliver 

peak data rates approaching what would be delivered to network nodes via a fibre connection. 

In doing so, the resulting connection diversity between ECO-eNET networking nodes can 

facilitate highly dynamic network optimisation, providing flexible power and spectral 

assignment, delivering an improved resilience, while meeting overall network data 

performance requirements. Figure 2.1(a) shows the envisioned confluent mesh network and 

the key innovations, which include Tb/s FSO and RFW transmission links (B) as well as flexible 

optical switching with Wavelength Division Multiplexing (WDM) transmission (E). The link 

types within the network can connect any node type so that these links can be considered for 

back/mid/front-haul (x-haul) transmission. The portion of Figure 2.1(a) circled in pink shows 

an example connection from a switching node to deployed Remote Units (RU). This flexible 

optical switching capability could be at a Centralised Unit (CU), Distributed Unit (DU), co-

located CU and DU or an aggregation node. In the context of optical access networking, this 

type of connectivity is an example of high-speed front-haul. 

Figure 2.1(b) shows a system-level physical layer representation of how this front-haul 

connectivity could be implemented in the ECO-eNET network. In this example, considering 

the down-stream transmission direction, flexible WDM routing and switching are enabled at 

an aggregation node or DU or CU+DU through the combination of a Reconfigurable Optical 

Add Drop Multiplexer (ROADM) and an optical switch fabric. The former drops WDM channels 

to be processed at the node, while allowing other channels to pass through the node. The 

switch fabric assigns dropped WDM channels across the available output front-haul 

transmission links. In the ECO-eNET confluent network, these front-haul transmission links 

can be realised using optical fibre, FSO or sub-THz technologies. Control of the optical switch 

fabric allows any combination of front-haul transmission types to be enabled e.g., WDM data 

can be switched between the FSO and sub-THz links depending on transmission conditions 

(as shown in the figure), or both can be operated independently, each carrying different data 

flows to maximise front-haul throughput. At the RU, the received WDM traffic can be detected 

locally within the RU or routed onward to an adjacent RU via an optical de-multiplexer.  
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Figure 2.1: (a) The proposed ECO-eNET multi-technology optical edge mesh network and 
(b) example ECO-eNET fixed fibre and wireless enabled flexible front-haul connectivity. 

This highly flexible and dynamic implementation is central to the physical development of the 

ECO-eNET mesh edge network and relies on the diversity offered by the availability of both 

fibre and wireless x-haul connectivity. Therefore, reliable, scalable, high-data-rate and efficient 

solutions for FSO and sub-THz transmission systems are required.  

Both FSO and sub-THz transmission have long been proposed as alternative solutions to 

optical fibre for high-data-rate transmission and to solve spectral saturation in the microwave 

frequency range [1]. Some FSO deployments exist today, one example being Alphabet’s 

Taara project [2]. Still, these links can be considered bespoke solutions, typically for back-

hauling in terrains where fibre networking is particularly challenging. Overall, the potential for 

widescale deployment of FSO and sub-THz systems has not been realised due to the bulky 

and expensive electronic and optical components required, as well as the failure to deal with 

link reliability issues in a cost-effective manner. To address this particular challenge, ECO-

eNET seeks to develop novel small form factor and scalable solutions for both sub-THz and 

FSO systems, through the use of integrated photonics and plasmonic technologies. 

Nevertheless, significant challenges remain around the formation of reliable FSO and sub-

THz frequency wireless links robust to their respective channel impairments. 

FSO offers extreme bandwidth availability by leveraging the optical domain and, when 

operational under clear weather conditions, has the potential to provide Terabit-scale 

capacities [3]. However, FSO is highly susceptible to atmospheric conditions such as 

turbulence and adverse weather, including rain and fog [4]. Meanwhile, the transmission of 
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sub-THz waves inherently incurs significant Free Space Path Loss (FSPL) and Molecular 

Absorption Losses (MAL) at certain frequencies [5], ultimately limiting maximum wireless 

transmission distance and the window of sub-THz frequencies that can be used for practical 

transmission; from 190 GHz to 350 GHz. While this is a significant drawback of the technology, 

sub-THz transmission is relatively robust to changing atmospheric conditions. The relative 

strengths of FSO and sub-sub-THz transmission mean that these technologies can be 

considered complementary. It is no surprise that joint, or hybrid, FSO/sub-THz transmission 

has been proposed as a means to provide extreme wireless capacities, while enhancing 

overall system reliability. Hybrid FSO/RF systems have been well explored, but very little 

publicly available work exists regarding hybrid FSO/sub-THz communications. The work 

described in [3] and [6] explores this concept from an analytical perspective, focusing on the 

derivation of channel models, the numerical assessment of the reliability, and, in the case of 

[6], the proposal of strategies to switch between the two wireless link types depending on 

channel conditions. Both works conclude that hybrid FSO/sub-THz transmission can form a 

highly reliable high-capacity wireless link due to their complementary nature. 

In order to leverage the wireless transmission technologies to create an agile mesh network, 

as outlined above (and in Figure 2.1), a reliable and flexible hybrid FSO/sub-THz scheme is 

essential and, indeed, is facilitated by the ECO-eNET network architecture. ECO-eNET seeks 

to go well beyond the state-of-the-art by experimentally demonstrating reliable hybrid 

FSO/sub-THz transmission using spectrally efficient coherent optical modulation to achieve 

peak rates of 1 Tb/s over a 1 km distance under optimum conditions. In this context, 

Mbryonics, ETH and Polariton, through their ongoing activities in ECO-eNET WP2, are 

developing the foundational components necessary to build these high-performance FSO and 

sub-THz transmission systems. FSO component design and fabrication focusses on a novel 

implementation of receiver side AO for turbulence mitigation. In contrast, the sub-THz 

component developments are focussed on carrier generation with seamless sub-THz-to-

Optical domain conversions for coherent modulation data signals. The following sections will 

detail the functionality, modelling, specification and design of these core building block 

components. 
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3 Key Component Descriptions and Functionalities 
This section introduces the key components whose design and development will be described 

throughout this document. It provides a background of relevant technologies related to AO 

systems, plasmonics, and optical modulators, and it outlines the purpose and functionality of 

the FSO and sub-THz components under design. 

3.1 FSO Components 

To reduce the severity of fades in FSO links, a photonic adaptive optics solution is being 

developed as part of the ECO-eNET project. The two primary components in the AO system 

designed at this stage of the project are the Photonic Lantern (PL) and the Phasing PIC. 

Together, these components comprise a type of Multi-Aperture Antenna (MAA), which 

integrates into the FSO system, as shown in Figure 3.1.  

The MAA’s primary function is to couple light from free space into a high-speed photo-receiver, 

requiring coupling into a single-mode fibre. Atmospheric turbulence in the FSO channel 

causes fluctuations in the Point Spread Function (PSF) over time, making direct single-mode 

fibre coupling vulnerable to deep fades and signal loss [17]. The MAA mitigates these fades 

by capturing light over a larger area and across multiple optical modes, thereby decreasing 

both the intensity and frequency of fades. This is achieved using a multi-mode waveguide 

structure that fans out into multiple single-mode waveguides (the photonic lantern), with each 

mode in the multi-mode structure assigned to a corresponding single-mode waveguide. These 

single-mode waveguides are then coherently combined into a single fibre (using the phasing 

PIC), facilitating efficient coupling to single-mode devices like high-speed photo-receivers. 

Figure 3.1: High-level overview of the FSO receiver system. Light is coupled to the Multi-

Aperture Antenna (MAA) via the telescope and an Optical Bench (OB) which contains all the 

necessary free space optical components to focus the light onto the MAA. 
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Figure 3.2: High-level overview of the MAA system with key components labelled.  

The high-level design of the MAA system is illustrated in Figure 3.2, where key components 

are labelled A to D. The PL (A) couples free-space light into a multi-mode aperture, outputting 

it to multiple single-mode waveguides. The outputs from the PL are directed to the phasing 

PIC (B), which combines these various signals into a coherent output in a single-mode fibre. 

The Phasing PIC is managed by a Control Unit (CU) that interfaces with the PIC through a 

Breakout Board (C). Additionally, the phasing PIC provides error signals that the CU uses as 

minimisation targets; in other words, the CU aims to minimise each of these error signals. The 

error signals are detected by the Photodetector (PD) board (D), which converts the optical 

signals into electrical ones. 

This report covers the design of the primary functional components, namely the PL and the 

phasing PIC.  

3.1.1 Photonic Lantern and Phasing PIC 

A PL consists of a multi-mode waveguide port, which is fanned out to several single-mode 

ports, as shown in Figure 3.3. PLs have been implemented across various technologies, 

including all-fibre designs, fused silica dies, and 3D-printed lanterns, which are further detailed 

in Section 5.1.1. The operation of a PL is illustrated in Figure 3.3, with 2D heatmap plots 

showing the lantern’s first three modes: at z=0 (the multi-mode input), at z=0.5 (midway 

through the lantern where the waveguides begin to fan out), and at z=1, where the supermode 

profile shows the waveguides fully decoupled. These heatmaps represent the intensity of light 

in the lantern’s resonant propagating modes. They provide a visualization of the decoupling of 

the lantern’s modes illustrating the lantern’s effect of converting from multi-mode to single 

mode.  

In the context of a randomly varying PSF as is typical in a FSO channel, the single-mode 

Input/Outputs (IOs) of the PL will output light with a random phase and amplitude. To detect 
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the optical signal effectively and leverage the benefits of the PL, it is essential to coherently 

recombine all PL outputs. Achieving this requires aligning the phase of each output such that 

they recombine constructively. The most suitable method of performing this is in a PIC, where 

the phase of light can be accurately controlled to a sufficient degree. We refer to this coherent 

recombiner as the phasing PIC. A functional schematic of this PIC is shown in Figure 3.4, 

where a series of de-phased optical signals are input into the PIC. The PIC consists of a series 

of cascaded combining cells which recombine 2 signals. Each cell outputs a combined signal 

 
Figure 3.3: Schematic illustrating the operating principle of a Photonic Lantern. At z = 0 

the IO has several eigenmodes which light can couple to. In an ideal PL, the modes 

adiabatically transition to decoupled single modes / degenerate supermodes via a fanout 

section. 

 

Figure 3.4: Functional schematic of the phasing PIC. Multiple incoherent optical inputs 

are cascaded through a series of combiners to produce a single combined output. 
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and a complementary signal (dashed lines in Figure 3.4). The complementary signals are 

routed to the output and can be used as an error signal, which needs to be minimised to 

maximise the combined output. This is achieved by controlling the phase shifters in each of 

the combining cells.   
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3.2 Sub-THz Components 

The high-level scheme of the RFW link is shown in Figure 3.5. It employs direct down-mixing 

of an optical signal to the sub-THz frequency (O-RF conversion) using high-speed 

photodetectors as well as direct up-mixing of the RF signal back into the optical domain (RF-

O conversion), using a high-speed plasmonic modulator. This scheme is agnostic to the 

modulation format. Although the final system will be able to handle polarisation multiplexing, 

for simplicity, the discussion regarding the scheme in Figure 3.5 will only address single 

polarisation operation. 

 

Figure 3.5: Schematic of the single-polarization RFW link and its components. The optical 

signal is down-mixed to the sub-THz by heterodyning using a high-speed graphene 

photodetector. After 1000 m transmission through free space, the sub-THz signal drives a 

plasmonic Mach-Zehnder modulator, which up-mixes the RF signal back to the optical 

domain. The original optical signal is obtained after filtering one sideband at point G. 

Optical-to-RF Conversion 

In the O-RF conversion, the optical signal from the optical transmitter is first amplified by an 

Erbium Doped Fibre Amplifier (EDFA) and subsequently combined with a free-running laser 

detuned by the wireless carrier frequency of 𝑓RF ≈ 250 GHz. The combined optical signal 

(point B) is sent into the graphene photodetector photonic integrated circuit (graphene-PD 

PIC), where an RF signal 𝑓RF is generated by the heterodyning of the two lasers. The 

generated RF signal is amplified by an electrical amplifier (point C). The RF signal is then fed 

to a high-gain transmitter antenna and transmitted over a 1000 m free-space distance. The 

expected channel loss comprises 140.4 dB of FSPL and 2.5 – 6 dB of atmospheric attenuation, 

which depends on the temperature and relative humidity (Figure 3.6). This loss is partially 

compensated by the two high-gain antennas with a gain of 𝐺0,tx =  𝐺0,rx ≈ 60 dBi. 

RF-to-Optical Conversion 

After collecting the RF signal with an identical high-gain antenna, the RF signal is coupled to 

the plasmonic modulator photonic integrated circuit (PMZM PIC). Optionally, an electrical 

amplifier amplifies the received RF signal before driving an electro-optic plasmonic Mach-

Zehnder Modulator (MZM) (point E). The plasmonic MZM is biased to the null point, where the 

optical amplitude is modulated, and the optical carrier is suppressed. After the plasmonic 

MZM, two optical sidebands emerge carrying the information of the original optical signal (point 

F). A low-noise EDFA amplifies the signal before one sideband is filtered out, yielding the 

original optical signal (point H). The signal is launched through a fibre to a coherent optical 

receiver. 
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3.2.1 Edge Couplers 

The graphene-PD PIC and PMZM PIC are integrated on a Silicon-On-Insulator (SOI) platform. 

As illustrated in Figure 3.5, light needs to be coupled in and out of the PICs. Many coupling 

strategies exist. However, grating and edge couplers are the most common [7]. Grating 

Couplers (GCs) use periodic structures (gratings) to diffract light from an on-chip waveguide 

into an optical fibre and vice-versa. GCs allow for vertical coupling, facilitating flexible 

placement and wafer-scale testing. However, they have high insertion loss (≈ 3 dB), narrow 

optical bandwidth (≈ 20 nm) and are typically polarisation sensitive. Edge Couplers (ECs), on 

the other hand, have a low loss (< 1 dB) and high optical bandwidth (> 100 nm) and can be 

designed to be polarisation insensitive. ECs work by tapering down an on-chip waveguide to 

increase the mode field diameter (MFD). The light is guided to an optical facet at the edge of 

the chip, where a fibre that collects the light is placed. The main disadvantage of ECs is that 

they can only be placed at the edge of the chip and need an optical facet, which increases 

fabrication complexity. To achieve data rates of 1 Tbit/s and a total energy consumption below 

40 pJ/bit (i.e., as per the ECO-eNET objectives), a coupling strategy with high efficiency should 

be chosen. Optical losses degrade the RFW links' Signal-to-Noise Ratio (SNR) and require 

higher laser powers to compensate, increasing the energy consumption. Furthermore, 

polarisation multiplexing will be used to reach the 1 Tbit/s goal. Therefore, the coupling 

strategy should be polarisation insensitive.  

3.2.2 Graphene Photodetectors 

High-speed PDs with electrical bandwidths up to 300 GHz are required for converting the 

optical signal directly into the RF domain. Heterodyne is the process of generating the RF 

signal by mixing the optical data signal with a Local Oscillator (LO) laser that is offset by the 

RF carrier frequency. The conversion of the optical power into RF power in the graphene PD 

using the heterodyning (Figure 3.6) is given by: 

 

𝑃RF = 2𝑅Lℛ2𝑃S𝑃LO 

 

where 𝑃S and 𝑃LO are the laser powers in Watts of the signal and LO, respectively, ℛ the 

external responsivity of the graphene PD in [A/W], 𝑅L the electrical load resistance in Ohms 

and 𝑃RF the generated RF power in Watts [8]. 

 

Figure 3.6: Schematic of the heterodyning process where a LO laser and the optical signal 

are combined and sent into the PD. The beating of the two signals generates a photocurrent 

in the PD, which oscillates with the difference frequency of the signal and the LO, therefore 

down-mixing the optical signal into the sub-THz domain. 

In state-of-the-art sub-THz links, Uni-Travelling Carrier Photodiodes (UTC-PDs) are mainly 

used for heterodyning [9], as they achieve high bandwidths by excluding the slower holes from 

the charge-carrying process. In the frequency range from 200 and 300 GHz, state-of-the-art 

UTC-PDs achieve RF output powers of around 0 dBm with optical input powers of 20 dBm 
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[10]. However, UTC-PDs are integrated using III-V materials such as InGaAs or InP, 

incompatible with silicon photonics platforms. Graphene-based PDs, on the other hand, can 

be integrated on silicon [11], have shown bandwidths exceeding 500 GHz and do not require 

III-V materials. Therefore, they can be monolithically integrated on the silicon photonics 

platform. Extending the mature silicon photonics platform by high-speed photodetectors is 

crucial for developing a fully integrated optical-to-RF converter solution in the sub-THz range, 

which allows for polarisation multiplexing or on-chip RF power combining without the need for 

bulky packaged optical components. In the scope of ECO-eNET, waveguide coupled 

graphene PDs are developed for the silicon photonics platform and optimised to improve the 

optical-to-RF conversion between 200 – 300 GHz. 

3.2.3 Plasmonic Modulators 

Electro-Optic Modulator Technology 

In a transmitter and a receiver, electrical waveforms must be transformed into optical 

waveforms and vice versa. The information is modulated on an optical carrier frequency, 

commonly using an External Modulated Laser (EML). Here, the laser is operated in 

Continuous Wave (CW) mode. There are two different modulation solutions, one based on 

Electro-Absorption Modulators (EAM) and another based on MZMs. As EAMs limit the 

transmission distance, high-speed communication applications primarily rely on MZMs. 

Phase Shifter Modulator 

Phase modulation is a scheme where the phase of the carrier is modulated. A drive voltage 

𝑉d modulates the wave’s effective refractive index 𝑛eff. For a Phase Shifter Modulator (PSM) 

with length 𝐿 and a complex input amplitude 𝐸0, the complex output amplitude is given as: 

𝐸 = 𝐸0𝑒𝑗𝑘0𝑛eff(𝑉d)𝐿. 

Assuming only a change in the real part of 𝑛eff, pure phase modulation is obtained. The peak 

amplitude and the frequency of the carrier remain constant: 

𝐸0 = 𝑒𝑗∆𝜑(𝑉d). 

In this case, the phase modulation is given by: 

∆𝜑(𝑉𝑑) = 𝑘0∆𝑛eff(𝑉d)𝐿. 

Mach-Zehnder Modulator 

For the MZM, the incoming CW light is split by a 3 dB Multimode Interference (MMI) coupler 

into two arms with a PSM in each arm. One arm can have an additional static phase shift to 

adjust the operating point. The signals of both arms are then combined again in a 3 dB MMI 

coupler to form the output. The interference can either be constructive or destructive. Most 

amplitude applications need to find the optimal linear operation point to avoid non-linear 

distortion in the constellation shape. This is the so-called null point. Intensity modulation 

happens when the modulator is biased at the quadrature point. 

Fundamentals of Plasmonics 

Surface Plasmon Polaritons (SPPs) are waves propagating along a metal-dielectric interface. 

A plasmon describes coherent electron gas oscillations, while a polariton is a quasi-particle 

coupled to light. Plasmons are generated by the interaction between light and the electrons in 

the metal. Surface plasmons at a metal-dielectric interface give rise to strongly enhanced 

optical near-fields. It is not simply photons carrying this field, but rather this quasi-particle 
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called a polariton. Therefore, surface plasmon polaritons are the quanta of surface-charge-

density oscillations. 

Enhanced Optical Near-Field: One of the remarkable properties of SPPs is that they create 

very strong optical fields near the interface, within a distance on a nanometre scale. This 

enhanced near-field arises because SPPs confine light to a space much smaller than the 

wavelength of the original light, allowing it to interact intensively with nanoscale structures. 

Propagation and Confinement: SPPs propagate along the metal-dielectric boundary, and their 

intensity decays exponentially perpendicular to the surface (see Figure 3.8), both into the 

metal and the dielectric. The extent to which they penetrate these materials is called the 

“penetration depth,” and it depends on factors like the wavelength of light and the material 

properties. It generally holds that coupled SPP modes exist when the distance between the 

interfaces is in the same order as the penetration depth or smaller. The basic understanding 

can be obtained by looking at the interface of a metal and a dielectric (Figure 3.8). A more 

extensive derivation for this geometry and an introduction to volume plasmons can be found 

in [12] 

 

Figure 3.8: A SPP propagating along metal-dielectric interface. (a) Schematic showing the 
electric (red) and magnetic (blue) field orientations and the interaction of the electromagnetic 

wave with the charge of the metal. (b) Exponential field decay leading to strong field 
confinement to the interface. Typical penetration depths are in the order of tens of 

nanometers. Figure and caption from [13]. 

As SPPs propagate, they are attenuated. The propagation loss can be calculated from the 

propagation constant with: 

𝛼[dB μm⁄ ] = 20 log10(𝑒)Im{𝛽[1/μm]}.Where 𝛽 is the propagation constant defined by the 

refractive index and the wavenumber. 
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3.2.4 Sub-THz Antennas 

As discussed previously, high-gain sub-THz antennas need to be employed to focus the beam 

and compensate the FSPL. To reach antenna directivities 𝐷0 in the order of 60 dBi, the 

effective area 𝐴eff and the geometrical size need to be increased, as 𝐷0 and 𝐴eff are 

proportional to each other and are related by 𝐴eff =
c2

4𝜋𝑓2 𝐷0, where 𝑓 is the frequency and 𝑐 

the speed of light. For example, to achieve 60 dBi gain, the parabolic reflector antenna needs 

a diameter of 32 cm at 300 GHz. The signal received by such large, high-gain antenna needs 

to be delivered efficiently to the very small active devices, such as graphene PDs and 

plasmonic modulators. This can be achieved by focusing the beam onto the integrated 

devices. To optimise the devices' radiation collection, the RF electrodes are directly connected 

to an integrated on-chip sub-THz antenna. For the graphene PD, the on-chip antenna offers 

more directional radiation to the parabolic reflector, thereby minimizing power radiation in 

unintended directions. In contrast, for the plasmonic modulator, the on-chip antenna focuses 

the received energy to the plasmonic slot, enhancing the voltage at the modulator and thus 

the conversion efficiency. For plasmonic modulators, this concept has already been 

demonstrated in [14] at a frequency of 60 GHz. Figure 3.9 shows two integrated on-chip 300 

GHz four-leaf clover antennas in an MZM configuration [15]. The key advantage is that the 

radiation is directly focused on the device without the need to transport the signal through 

transmission lines or RF probes, which have high losses at sub-THz frequencies. In addition, 

not having any physical contact directly to the device via RF probes makes the assembly much 

more robust to vibrations and movement, which will occur during alignment of the high-gain 

antenna during transmission experiments. Another advantage is that antennas can be rotated 

by 90 degrees to each other to enable transmitting and receiving both polarisations 

simultaneously for polarisation multiplexing, which is one of the goals of ECO-eNET. 

 

 

 

 

 

Figure 3.9: Scanning electron microscopy image of two 300 GHz on-chip antenna directly 

integrated with a plasmonic phase modulator in the centre, as shown in the inset. The two 

four-leaf clover antennas form a MZM, enabling amplitude modulation [15]. 
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4 Wireless Component and Link Modelling 
To inform device specification and indicative performance, both component and wireless 

system-level analysis is required, taking expected channel conditions into account. This 

section describes the numerical and analytical modelling related to both technologies and 

includes component-level and wireless-link-level analyses, culminating in wireless link 

budgets. 

4.1 FSO Component and Link Modelling 

To assess the feasibility and refine the requirements of the MAA, numerical simulations of the 

FSO link were performed. The model consists of an end-to-end channel simulation that models 

light propagation using the split-step method [16] and Kolmogorov phase screens [17] and 

assumes a perfect lens coupling to the MAA. The structure of the model is illustrated in Figure 

4.1, where (from right to left) the model propagates an initial field through a turbulent 

atmosphere and focuses the light onto the lantern.  

 

 

Figure 4.1: Schematic of the end-to-end numerical model. Light is propagated through the 

atmosphere from the Tx terminal to the Rx terminal. The Rx terminal focused the light onto 

the photonic lantern, the outputs of which are then combined assuming an ideal phasing PIC 

model.  

In addition to the channel model, the PL was simulated using a commercially available Finite 

Difference solver to calculate the eigenmodes of the lantern along its propagation length. 

Scattering matrices for PLs were calculated assuming that the lantern transmits adiabatically 

along its propagation direction; thus, the eigenmodes at the output of the lantern relate directly 

to the eigenmodes at the input. This scattering matrix is used to calculate the complex 

amplitude into the phasing PIC. An example of this matrix is shown in Figure 4.2, where the 

absolute power of each matrix element is plotted. The plots show the power coupled between 

an eigenmode (y-axis) and an output core (x-axis). The phasing PIC is included in the model 

as an ideal phasing PIC, i.e., we assume it can perfectly align the phases of the inputs before 
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combining. Thus, the end-to-end model, including the turbulent channel, PL and phasing PIC, 

provides us with the total received power at the output of the phasing PIC. 

 
 

Figure 4.2: Simulated scattering matrix for a 6-core photonic lantern, where the heatmap 

represents the power transmission between modes and cores. 
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Figure 4.3: Simulated loss due to atmospheric turbulence in a 1 km link for various core 

counts and turbulent phase screens. Large core counts reduce loss and variation eliminating 

deep fades.  

 

 

Figure 4.4: Loss statistics for different turbulence conditions excluding absorption: (left) the 

mean loss of the channel, (right) the 0.001 percentile loss which represents the loss for 

which the channel will be above 99.999% percent of the time. The dashed line represents 

phase-only correction whereas the solid line shows phase and amplitude correction on the 

PIC. The cn2 parameter represents the refractive index structure parameter. 

By running the previously described model for several iterations and updating turbulent phase 

screens for each iteration, the link's statistics can be obtained. Figure 4.3 shows a histogram 

of the transmission loss experienced in the channel. 

Figure 4.4 presents the extracted statistics for the 1 km link, which is the target distance in the 

ECO-eNET project. A link budget has been calculated based on some reasonable 

assumptions about the link, as shown in Table 4.1. It should be noted that, due to the 

development's low Technology Readiness Level (TRL), these assumptions are subject to 

change; however, they indicate the link’s feasibility.  

Table 4.1: Link budget comparing the required loss to achieve five-nines reliability in clear 

and rainy conditions.

 

For a typical Quadrature Phase Shift Keyed (QPSK) receiver as defined in the open ZR+ 

standards [18] with -30 dBm sensitivity and an assumed Tx power of 13 dBm, a fade of 
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between –28.5 dB and –34 dB would result in signal loss. Comparing this with Figure 4.4, 

which shows the 0.001% quantile, loss for the link in the case of Cn2 = 1e-13 is approximately 

-30 dB for a lantern core number of 16 (where Cn2 is the refractive index structure parameter). 

Therefore, we are required to increase the number of modes in our current prototype from 6 

to at least 16, which would provide a +40 dB improvement relative to the single-core case 

(equivalent to a single-mode fibre).  

The link budget suggests that, under rain conditions or in the case of Cn2 = 1e-12, an optical 

amplifier (marked optional in Figure 3.1) will likely be needed. This will be determined during 

lab demonstrations and field trials during later stages of the project. 

 

4.2 Sub-THz Component and Link Modelling 

Moving to sub-THz carrier frequencies between 200 – 310 GHz introduces increased 

atmospheric attenuation, even in clear weather conditions. This attenuation is primarily 

influenced by the absolute water content in the atmosphere (measured in g/m³), as shown in 

Figure 4.5 (a). Another challenge is the rise in FSPL, expressed as 𝐿fspl = (
4𝜋𝑑𝑓

c
)

2
, indicating 

the quadratic increase in FSPL with the frequency 𝑓 and the distance 𝑑. Figure 4.5 (b) presents 

the total channel loss for various link distances, incorporating both FSPL and atmospheric 

absorption. The increased FSPL must be compensated for by employing high-gain antennas, 

which feature highly directive, beam-like radiation patterns. 

 

Figure 4.5: Channel losses of sub-THz waves due to molecular attenuation and free-space 

path loss (FSPL) according to ITU-R P.676. a) Attenuation of sub-THz frequencies mainly 

comes from molecular absorption of water molecules in the air. Calculations are done for 

moderate climate (𝑇 = 15 °C, 𝑅𝐻 = 50 %, 𝜌 = 6.4 g/m3) and tropical climate (𝑇 = 30 °C, 𝑅𝐻 =

80 %, 𝜌 = 24.3 g/m3). b) The total channel loss at different distances in moderate climate 

conditions comprises attenuation and FSPL. The frequency window between 200 – 310 GHz 

is of particular interest for kilometre-range communication. 

According to the schematic in Figure 3.5, a link budget is calculated for the RFW sub-THz link 

and summarised in Table 4.2. To achieve 1 Tbit/s over 1 km targeted in ECO-eNET, a line 

rate of 500 Gb/s per polarisation is targeted. To reach this line rate, a 32-Quadrature Amplitude 

Modulation (QAM) single-carrier signal with a baud rate of 100 Gbd is targeted with a roll-off 

factor 𝑟 = 0.1, occupying a total bandwidth of 110 GHz in the passband. Heterodyne mixing 

with LO power 𝑃LO and signal power 𝑃S of 10 dBm is assumed. The graphene photodetector 

has a responsivity ℛ = 0.1 A/W at a load resistance of 𝑅L = 50Ω. The RF power generated by 

the photodetector is around -20 dBm, resulting in a launched power of 5 dBm after 
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amplification. After propagation through free-space, the channel loss comprises 140.4 dB of 

FSPL, 2.6 dB of molecular absorption (𝑇 = 15 °C, 𝑅𝐻 = 50 %, 𝜌 = 6.4 g/m3) and up to 13.5 dB 

due to rain, according to ITU-R P.838. To compensate the FSPL, commercial high-gain 

reflector antennas with 55 dBi of gain will be employed. After electrical amplification of 25 dB, 

the signal drives the plasmonic modulator chip. A half-wave voltage 𝑉𝜋 = 6.7 V is targeted. The 

targeted insertion loss of the chip is below 15 dB. With a LO laser power of 10 dBm, the 

resulting sideband power after the modulator is estimated to be -27 dBm in clear weather 

conditions. The signal is received by a heterodyne coherent detector according to [19], 

assuming an EDFA noise figure of 4.5 dB. In clear weather conditions, this results in an SNR 

of 20 dB. This allows using a 32-QAM modulation format with a 5 bits/symbol spectral 

efficiency, reaching 500 Gb/s. To be able to successfully transmit the signal, a bit-error ratio 

(BER) below the soft decision (SD)-FEC limit of 2 ⋅ 10−2 must be achieved [20]. For fixed 

modulation formats like 32-QAM, 16-QAM or QPSK, SNRs of 16 dB, 13 dB, and 6 dB need to 

be achieved, respectively. 

Table 4.2: Link budget of the RFW sub-THz link at 250 GHz in clear weather with (𝑇 =

15 °C, 𝑅𝐻 = 50 %, 𝜌 = 6.4 g/m3) and different rain fall rates according to ITU-R P.838. 
 

Unit Clear Weather Moderate Rain (5 
mm/hr) 

Heavy Rain (20 
mm/hr) 

Signal Power TX  dBm 10 10 10 

LO Power TX  dBm 10 10 10 

Responsivity A/W 0.1 0.1 0.1 

Gain Amplifier TX  dB 25 25 25 

RF Launch Power (point C) dBm 5 5 5 

Antenna Gain  dB 110 110 110 

FSPL  dB -140.4 -140.4 -140.4 

Attenuation  dB -2.6 -7.1 -13.5 

Gain Amplifier RX dB 25 25 25 

RF Power at Modulator 
(point E) 

dBm -3.0 -7.5 -13.9 

LO Power RX  dBm 10 10 10 

Modulator IL  dB -14.5 -14.5 -14.5 

Half-Wave Voltage (𝑉π) V 6.7 6.7 6.7 

Sideband Power (point F) dB -27.1 -31.7 -38.1 

SNR (point H) dBm 19.9 15.4 9.0 

The noise source that limits the SNR in the system under these assumptions was identified 

as the EDFA's ASE noise (point H in Figure 3.5), beating with the LO in the heterodyne 

coherent receiver. This link budget suggests that 1 Tbit/s over 1 km is achievable in clear 

weather conditions with 4 dB of margin and the estimated device performance. Due to the low 

TRL of the novel devices, the link budget is subject to change and will be continuously adjusted 

with the latest device and system simulation and measurements. The final configuration of the 

system will be defined within the activities of WP4.  

5 Wireless Component Specification 
Given the wireless technology targets set out by the project objectives, the ECO-eNET 

network context, the basic networking requirements discussed in Section 1, and the 

component and link analysis presented in the previous section, specifications for each 

component can be derived before hardware design and iteration. This section details the key 

specifications for each development. 
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5.1 FSO Components Specification 

5.1.1 Photonic Lantern 

The first step in PL development was to specify a list of baseline requirements used to select 

the various technologies and suppliers. The compiled requirements are listed in Table 5.1. 

With these requirements as a basis for selection, three different technologies were considered: 

fused fibre bundles, 3D printed micro-optics and femtosecond laser written silica. 

Table 5.1: High-level requirements for the technology. 

ID Description Remark 

S1 
The technology shall be capable of fabricating 

photonic lanterns with at least 6 cores.  
Hard limit, compliance with 

current phasing PIC.  

S2 
The technology should be capable of fabricating 

photonic lanterns with at least 16 cores.  
 

S3 
The technology shall be capable of achieving PL 

insertion loss of <= 3 dB. 
Hard limit, ideally better than 

or equal to 2 dB.  

S4 The technology shall enable fabrication of PLs 

with dimensions on the order of 10s of mm. 
No real constraint: 10s of mm 

are fine.  

S7 
The technology shall be capable of coupling to a 

10 μm MFD interface at the output (SM) side. 
e.g. compatible with SMF.  

S8 
The technology should be capable of coupling to 

a 3 μm MFD interface at the output (SM) side.  
Compatible with UHNA or 3 

µm edge couplers.  

The first of these technologies - fused fibre bundles - is based on using bundles of single-

mode fibre, which are fused and tapered to form a photonic lantern (Figure 5.1). This approach 

to lantern fabrication has been demonstrated previously in the literature, achieving a sub-1 dB 

insertion loss [21]. Since this type of PL is implemented using single-mode fibres, there are 

no additional insertion losses from extra optical interfaces. Consequently, the insertion losses 

which can be achieved are very low, which is the primary benefit of this approach.  
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Figure 5.1: Photonic Lantern based on fused fibre bundles. 

The second technology considered is the fabrication of a PL using additive manufacturing. 

Commercially available 3D microprinting tools have previously been used to fabricate such 

PLs, achieving sub-3 dB insertion loss [22]. Figure 5.2 shows an example of such a structure: 

a 6-core PL fabricated using a Nano Scribe two-photon absorption-based 3D microprinter.  

 

Figure 5.2: Example of a Photonic Lantern based on 3D printing as presented in [22]. 

The third technology considered was Femtosecond laser-written waveguides. This technology 

involves the 3D patterning of optical waveguides in Silica. This technique allows for large-

scale fabrication at low cost. An additional advantage is the integrated nature of the device, 

which allows for phase stability of the output signal. Figure 5.3 shows a schematic illustration 

of a typical lantern fabricated on this technology.  

 

Figure 5.3: Example of a Photonic Lantern based on Femtosecond laser writing. (Image 

source: [23].) 
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Five suppliers of the aforementioned types of PLs were selected for comparison. Information 

on each platform was gathered through direct engagement with the suppliers and from 

published literature. A comparison of the technical capabilities and considerations for each 

option is summarised in Table 5.2. Based on this information, our requirements were 

compared against each supplier’s capabilities, as shown in Table 5.3. From this analysis, 

Option D (detailed in the following) was identified as the most suitable supplier and technology 

for the application. A summary of key considerations follows: 

 

• Option A (fused fibre PL supplier): The main advantage was that the PLs were 

currently available as commercial off-the-shelf (COTS) components. However, this 

option was not considered feasible because they had a low core count and high 

insertion loss.  

• Option B (3D printing/additive manufacturing): This option, although promising, 

was still in a relatively early R&D stage, and as such, there were significant unknowns 

in terms of the possible number of cores as well as scalability and cost.  

• Option C (femtosecond laser writing): This was identified as an attractive option, 

meeting most of the requirements. The supplier could fabricate photonic lanterns to 

meet the requirements. However, a non-trivial amount of R&D would be needed, with 

design input from Mbryonics, and there are no guarantees on the performance of the 

final result.  

• Option D (femtosecond laser writing 2): This option was similar to option C, the 

difference being that D was more mature. The supplier had more experience and, as 

a result, could perform the component design in-house and provide performance 

guarantees.  

• Option E (fused fibre bundles): This supplier could fabricate the PLs. However, they 

had no experience in the type of photonic design required for a PL.  

 

Based on all the considerations, option D was identified as the most suitable, with option C 

serving as a potential redundancy. 

 
Table 5.2: Comparison of key parameters of each technology/supplier. 
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Table 5.3: Matrix visualising compatibility with requirements. Green is compatible, orange is 

possible/compromised compatibility, and red is incompatible. 

Spec Option 

ID Summary A B C D E 

S1 6 cores      

S2 16 cores      

S3 Insertion loss of 

<= 3 dB 
     

S4 Size      

S5 Cost  Unknown   Unknown 

S6 Fabrication 

scalability 
 Unknown   Unknown 

S7 Direct coupling to 

10 μm MFD  
     

S8 Direct coupling to 

3 μm MFD  
     

 

Following the selection of the PL technology and supplier, the PLs to be designed and 

fabricated were specified in accordance with the system requirements. A primary objective of 

the design was to increase the core/mode count from Mbryonics’ current count of 6. The 

increase in the core count was a trade-off between performance and complexity, technical risk 

and various design considerations for the phasing PIC design.  

A large number of cores is desirable from a performance perspective, but the system's 

complexity increases with core count. For example, the phasing PIC must be co-designed with 

the same number of recombining channels as cores, thus increasing the PIC footprint, driving 

the complexity of optical and electrical IOs, etc. 36 cores were selected as an upper limit for 

this iteration, as a ~ 5 x 5 mm2 PIC would be designed on a Multi-Project Wafer (MPW) run, 

and 36 channels were the maximum feasible optical IO density.  

With the above in mind and considering the simulation previously shown in Figures 4.3 and 

4.4, a 19-core configuration was selected to increase the core count sufficiently for a significant 

performance gain over 6 channels and to close the link as per the link budget. 19 cores 

correspond to the maximum core counts when geometrically packing 3 concentric rings of 

circles. This allows for a potentially easier design of the photonic lantern and compatibility with 

fused fibre-based PLs which would have such a circular configuration. In addition, the use of 

a circular geometry reduces the risk of issues with polarisation, such as polarisation-

dependent loss or dispersion in the photonic lantern. 

The specifications currently drawn up for the 19 core PL are listed in Table 5.4. These 

specifications may be subject to minor refinements before the supplier proceeds to design and 

fabrication. The PL has been specified to match the optical IO of the phasing PIC with through 

waveguides provided to enable butt coupling of the PL to the PIC.  
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Table 5.4: Current requirement specifications for PL2 (19 core) 

ID Description Remark 

PL2-001 The PL shall be designed to operate at 1550 

nm. 
 

PL2-002 The PL shall have 19 modes / outputs.   

PL2-003 The PL waveguides shall have their optical 

path lengths matched with a maximum 

optical path length difference between any 

two output IOs of 12 µm.   

 

PL2-004 The PL shall have an output pitch of 127 µm.   

PL2-005 The PL outputs shall have a maximum MFD 

of 5 µm   
Mismatch to PIC MFD shall induce some 

overhead loss acceptable for this iteration 

of the device.  

PL2-007 The PL shall have ancillary through 

waveguides. 
 

PL2-008 The PL shall be packaged with the inputs and 

outputs fiberized.  
 

PL2-009 The PL package outputs shall be interfaced 

using FC/APC connections to SMF-28 fibres.  
 

PL2-010 The PL package input (multi-mode side) shall 

be coupled via free space.  
 

PL2-012 The PL shall not be anti-reflection coated.  

PL2-013 The PL shall have a maximum fibre coupled 

insertion loss of 2 dB over the C-band. 
 

PL2-014 The packaged PL shall have a maximum 

polarisation dependent loss of 0.2 dB 
 

 

5.1.2 Phasing Photonic Integrated Circuit Specification 

The core count specification was previously discussed in Section 5.1, with the conclusion that 

an increase to 19 cores represents a good trade-off between feasibility and performance 

improvement. A selection of the primary requirement specifications drawn up for the PIC is 

included in Table 5.5. Key requirements include the need for the PIC to operate over the C-

band to enable WDM-type transmission. This is particularly important if a 1 Tb/s data rate is 

to be achieved.  

Each phasing circuit is also required to provide feedback error signals for each combining cell. 

These error signals provide information on phase misalignment when combining two inputs 

and can be minimised during operation to ensure maximum power in the combined output. 

The thermal phase shifters also have a minimum frequency response requirement, which, in 

adaptive optics applications, is typically in the order of several kHz. This ensures that the 
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phase shifters’ frequency response is higher than the Greenwood frequency, a critical 

parameter in adaptive optics that represents the rate at which atmospheric turbulence 

decorrelates. Meeting this requirement is essential to maintain real-time correction of phase 

errors caused by atmospheric disturbances, enabling optimal optical system performance.  

Table 5.5: The primary requirements for the phasing PIC. 

ID Description 

PIC-03 The PIC shall operate in the C band 1530 nm to 1565 nm 

PIC-04 

The PIC shall operate with wavelength independence over a wavelength range 

to support 5 ITU channels, 500 GHz. 

PIC-07 
The PIC shall contain phasing circuits which take N inputs with random phase and 

amplitude and recombine them to a single output. 

PIC-08 A phasing circuit with 6 inputs shall be included on the PIC (DP_A). 

PIC-09 A phasing circuit with 19 inputs shall be included on the PIC (DP_B). 

PIC-35 DP_A shall correct for phase and amplitude using MZM. 

PIC-36 DP_B shall correct for phase using phase modulators. 

PIC-11 Each recombining cell shall provide an optical tap to provide an error signal. 

PIC-15 Each phase modulator shall have a target Pπ (power for 1 π phase shift) 80 mW. 

PIC-16 The maximum drive voltage for 1π phase shift shall be < 7 V 

PIC-45 The thermal phase shifters shall have a f3dB bandwidth >= 5 kHz. 
 

5.2 Sub-THz Components Specification 

The targeted specifications for the components are derived from the link budget analysis 

discussed in Section 4 and summarised in Table 5.6. The following sections provide detailed 

explanations of the requirements for each component. 

Table 5.6: The primary requirements 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 

EC-1 The SSMF-to-chip coupling efficiency shall be below > -1.5 dB for TE and TM 
mode, including splicing loss between SSMF and a high-NA fibre. 

EC-2 The EC be polarization insensitive with polarization dependent loss (PDL) < 1 dB 
shall be achieved. 

EC-3 The EC shall have an optical bandwidth > 100 nm between at 1550 nm 

EC-4 The EC shall be designed for high-NA fibre with MFD of 4 μm or greater. 

PD-1 The responsivity of the graphene-PD shall be > 0.1 A/W in C-band at 1550 nm 

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

PD-3 Electrical bandwidth of the graphene-PD shall be >350 GHz 

PD-4 The graphene-PD shall not exhibit saturation effects at 10 dBm of optical input 
power, therefore responsivity should remain constant between 0 mW and 10 mW 
of optical input power. 
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PMZM-1 The plasmonic MZM should have a half-wave voltage < 7 V ⋅ μm 

PMZM-2 The optical insertion loss of the PMZM shall be < 15 dB at 1550 nm 

PMZM-3 The long-term operation (> 100 h) at 10 dBm of optical input power shall increase 
the half-wave voltage (𝑉π) not more than 10 %. 

PMZM-4 The PMZM shall have an electrical bandwidth >350 GHz. 

ANT-1 The combined antenna system shall have an antenna gain of 55 dBi or more. 

ANT-2 The antenna shall cover the bandwidth between 200 – 310 GHz 

 

5.2.1 Edge Couplers 

As discussed in Sections 3.2 and 4.2, the link budget calculation imposes requirements on the 

components to reach the targeted data rate of 1 Tbit/s over 1 km. As both the plasmonic 

modulator and graphene-PD PICs are fabricated on a silicon photonics platform, each 

component must be compatible and merged with the established fabrication flow developed 

at ETH. Therefore, for the EC, a design that is polarisation insensitive, has high coupling 

efficiency, and is fabrication tolerant is chosen, as discussed in Section 6.2.1. A coupling 

scheme is selected where a mode conversion is performed between a standard SMF and a 

high Numerical Aperture (NA) fibre through splicing. Then, the high-NA fibre with an MFD of 

>4 μm is used to couple through the EC. This choice is made since direct coupling to SSMF 

incurs higher losses (see Figure 5.6) as modes are coupled to the silicon substrate below (and 

substrate removal is incompatible with the established fabrication flow). All requirements for 

the edge coupler (EC) are summarised in Table 5.6. 

5.2.2 Graphene Photodetectors 

As discussed in Section 3.2, the responsivity of the graphene PD must be 0.1 A/W to achieve 

high enough RF output power and avoid thermal noise limitations of the sub-THz amplifier at 

the transmitter. Although graphene has relatively high carrier mobility, the light absorption 

through one sheet of graphene is only about 2.3 %, which would severely limit the responsivity. 

To circumvent this limitation, the graphene PD shall employ a plasmonic absorbing 

metamaterial that increases field strengths in the graphene and enhances absorption. To 

further improve the absorption, the graphene PD shall be fed by a photonic waveguide, which 

has much higher power densities than free-space illumination. In addition, this allows moving 

the passive components (i.e., MMIs and Polarization Splitter Rotators (PSRs)) on-chip, 

resulting in a more compact and stable system. To make use of the Photo-Voltaic (PV) effect, 

the graphene PD electrodes shall use metals with different work functions, like silver and gold, 

to introduce metal-induced potential shifts that induce built-in electric fields to extract the 

charge carriers. The PV effect does not require a voltage bias or exhibit any dark current, 

reducing shot noise. Bias-free operation allows for connecting multiple graphene PDs in 

parallel to increase the photocurrent and lower the impedance, without the need of routing 
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biasing lines. The graphene PD shall be impedance-matched to a 50 Ω load of the sub-THz 

amplifier to maximise power transfer. 

5.2.3 Modulators 

The characteristics of plasmonics have constantly been improved, and a statistical collection 

of current specifications has been presented at the Optical Fiber Communications (OFC) 

Conference in 2024 [24]. The plasmonic losses are length-dependent and were measured for 

devices between 5 µm and 20 µm. The median of those measurements shows losses in the 

range of 0.4 dB/um. Another length-dependent characteristic is the on-off voltage Vpi. As 

plasmonic modulators are high-impedance load devices, the 50 Ohm equivalent for Vpi is 

given. For devices of 10, 12.5 and 15 µm length, the respective Vpi medians are 4.7 V, 3.7 V, 

and 3.1 V. The electro-optic bandwidth potential of plasmonics modulators has been shown 

to be above 500 GHz [25], and with improved design, a 3 dB bandwidth of up to 1 THz has 

been shown [26]. Another important figure of merit is long-term stability, with the two most 

significant stress factors being oxygen and temperature. At 0 dBm optical input power, multiple 

devices have shown stable operation beyond 1,000 hours in normal atmosphere at 

 

 

 

Figure 5.4: Reliability of plasmonic MZMs. (top) at uncontrolled room temperature with 0 

dBm optical input power, measured over 1000 hrs without apparent degradation. (middle) 

at uncontrolled room temperature with 9 dBm optical input power, measured over 100 hrs 

without apparent degradation. (bottom) at 85°C with -12 dBm optical input power, 

measured over 1000 hrs with a degradation of 10%. 
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uncontrolled room temperature. The first tests, over 100 hours, showed reliable operation 

without observable degradation at the optical input power, which increased to 9 dBm. 

Regarding temperature stability, at 85 °C, a degradation of less than 10% is observed. 

5.2.4 Sub-THz Antennas 

The latest results for plasmonic on-chip antennas were presented at OFC 2024 [27]. Antennas 

with a field enhancement of 10,000 around 235 GHz were designed, fabricated, and 

characterised. In a wireless sub-THz link, transmission of 80 Gb/s was achieved, as shown in 

Figure 5.5, using a 40 GBd 4-QAM signal. Furthermore, field enhancement was measured for 

a four-leaf clover antenna. The measurement and simulation data fit very well over a frequency 

band of 230 GHz to 250 GHz, as illustrated in Figure 5.6. 

  

 

Figure 5.5: Constellation diagrams, BER and GMI values of the received QAM-4 signal 

for data rates of 64 and 80 Gb/s [27]. 

 

Figure 5.6: Antenna field enhancement (a) Simulated (red line) and measured (blue line) 

field enhancement responses of the FLC antenna. The simulated response has been 

reduced by a factor 2. (b) Electric field intensity distribution over the FLC antenna with the 

focus on the plasmonic slot where the built-in field amplification occurs [28]. 
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6 Wireless Component Design 
Following on from the finalised component specifications, this section details the FSO and 

sub-THz hardware design choices, rationale, and technical processes followed in each case. 

6.1 FSO Component Design 

6.1.1 Photonic Lantern 

PLs have previously been used in several applications requiring multi-mode to single-mode 

coupling functionality. Given the high-level specifications outlined in the previous section, 

these components can be manufactured by a few facilities globally. Aside from liaising with an 

external supplier on the finalised PL specifications, Mbryonics has also engaged with the PL 

supplier’s design process. The primary design input is about the optical path length matching. 

The matching of optical path lengths in the PL is an important consideration when designing 

the system to be wavelength-independent over the range required for WDM transmission. This 

was investigated and is described below.  

Differences in the effective index Neff for different PL eigenmodes mean that optical path 

lengths cannot fully be matched. As a result, any optical path length matching would still 

include some wavelength-dependent behaviour. The impact of this was investigated and is 

shown in Figure 6.1, where the relative change of Neff of the modes of a 6-core lantern is 

simulated with increasing core separation. The simulation shows that the difference in Neff is 

< 1e-3 even when the cores have ~0 µm separation. As such, the induced optical path length 

difference due to modal differences in index is not considered an issue. This assumes that 

cores are fanned out over a reasonably short length less than the order of mm, which will be 

the case in a properly designed PL. 

 
Figure 6.1: Difference in the effective index Neff between modes as core separation 

increases. 
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6.1.2 Phasing Photonic Integrated Circuit 

The phasing PIC's role is to coherently recombine the various single-mode outputs from the 

PL. To do so, the PIC must be capable of matching the phase of N inputs so that they 

constructively interfere, thus minimising losses. This is done by implementing a series of 

cascaded combiner cells capable of phase-matching two inputs.  

The outputs from the PL have both random phase and amplitude. A mismatch in both phase 

and amplitude will cause a loss of efficiency when recombining. As such, it may also be 

desirable to correct for amplitude mismatch. The two types of combining, which correct for 

phase only or phase and amplitude, are shown in Figure 6.2. 

The effect of amplitude mismatch was previously examined in simulations, as shown in Figure 

4.4, Section 4.1. This simulation effectively showed that correcting for amplitude and phase 

provided minor benefits over only correcting for phase. This is because of the additional loss 

introduced by requiring double the number of MMIs on the PIC when correcting for amplitude. 

Nonetheless, it was desirable to include a phase and amplitude-correcting design to 

experimentally investigate this effect and assess if the control algorithm may be more robust 

for such a configuration. As such, the two designs included were: 

DP6: A 6-channel phase- and amplitude-correcting circuit.  

DP19: A 19-channel phase-only correcting circuit.  

DP6, which corrects for phase and amplitude, can be compared against Mbryonics’ preexisting 

6-channel design, which only corrects for phase. This will enable us to assess whether phase-

only correction is sufficient or whether phase and amplitude correction is worth the additional 

power consumption of driving two phase modulators per combining cell. 

Figure 6.2: Comparison between combiner cells. 

The final mask designed by Mbryonics is shown in Figure 6.3. The PIC was designed for the 

Ligentec SiN platform on a cell of size 5190 µm x 4850 µm. This platform offers low loss, low 

polarisation dependence, and high-power handling, and it has thermal phase shifters for 

correcting the optical phase. The PIC was designed for optical input on the left-hand side and 

output on the right-hand side. The optical IO on the left was designed to be compatible with 

butt coupling to the PL and can be integrated with the 6-core or the 19-core lantern. The 

individual circuits on the PIC are described as follows. 
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Figure 6.3: Final PIC submitted for fabrication. DP6 is located in the upper third of the chip, 

and DP19 is located below. 

6.1.3 Circuit DP6 

Circuit DP6 is a 6-channel photonic phasing circuit designed to correct phase and amplitude 

mismatches in the input 6 channels. This cell consists of two inputs, one of which has a phase 

control element. By tuning this phase control element, the power coupled into each arm of the 

proceeding MZM can be equalised, thus eliminating any power imbalance in the arm. The 

MZM has a phase tuner on one arm, which can be tuned to direct the output of the MZM to 

either output. Consequently, two optical inputs with arbitrary values in the complex plane can 

be recombined by minimising the output measured at the tap as a function of the two-phase 

tuner currents, i.e., the problem is divided into individual 2D minimisation problems. 

The combining cells described in the preceding paragraph are cascaded together, resulting in 

a single coherent output when all the tap channels are minimised.  

6.1.4 Circuit DP19 

Circuit DP19 is a 19-channel photonic phasing circuit designed to correct only phase 

mismatches in the input 19 channels. In this case, each recombining cell only requires tuning 

one phase element. A tap channel is also provided for each combining cell, which should be 

minimised to ensure optimal phasing.  
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6.1.5 Waveguide modelling 

A critical aspect of the MAA system is scaling higher channel counts on the PIC. As the number 

of channels increases, the size of the phasing circuit also increases. Therefore, it is crucial to 

increase the integration density of the PIC. A key component to enable this is the radius of the 

waveguide bends used. By default, bends provided in the Process Design Kit (PDK) were set 

to a minimum radius of 100 µm. Such a bend radius would not allow for a 19-channel phasing 

PIC to fit. As such, arc bends with offsets were designed to reduce the bend radius. The 

optimised bend offset is validated by simulating a worst-case scenario where a 90-degree 

bend is followed directly by a 90 degree bend. Figure 6.4 shows the simulation results 

indicating that the transmission loss when using offsets is ~ 0.05 dB.  

 

Figure 6.4: Simulated bend loss for a 90, -90 degree bend combination. 

6.2 Sub-THz Component Design 

6.2.1 Edge Couplers 

To improve the performance of the transmitter and receiver chips in terms of SNR and energy 

consumption, the fibre-to-chip optical loss should be reduced below 1.5 dB per coupler. The 

design is based on Sub-Wavelength Grating (SWG) edge couplers on a silicon photonic 

platform [28]. This choice is made due to the high coupling efficiency, low polarization-

dependent loss, compatibilities with the existing fabrication process of the plasmonic devices 

and the higher fabrication tolerances compared to inverted taper designs [29]. Figure 6.5 (a) 

shows the SWG edge coupler, which is integrated on a silicon-on-insulator (SOI) platform with 

a buried oxide thickness of 3 µm, silicon thickness of 220 nm and a top oxide thickness of 3 

µm. The SWG edge coupler consists of two sections: the hybrid SWG section and the SWG 

section. The hybrid SWG section accepts light from the solid core silicon waveguide and 

expands the mode sufficiently to couple efficiently into the SWG waveguide in the second 

section. The hybrid section has a constant outer width of 450 nm and linearly tapered middle 

section. The SWG section is also linearly tapered and expands the mode until the mode 

matches that of the fibre at the facet, to which the light is coupled. As illustrated in Figure 6.5 

(b), both sections consist of locally periodic unit cells characterised by the period Λ(y), and 

the silicon width 𝑤si(𝑦) and the duty cycle 𝑑 = Λ(y)/𝑙si(𝑦) kept at 50 % in both sections to 

maximise fabrication tolerance.  
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Figure 6.5: Sub-wavelength grating (SWG) edge coupler (a) overview of the design 
extracted from the Graphic Data System (GDS) (b) simulation results the effective index of 

the Transverse Electric (TE) mode in the SWG section and (c) simulated power coupling for 
the TE mode into an ultra-high numerical aperture (UHNA) fibre and standard single mode 

fibre (SMF28) with mode-field diameters (MFD) of 4 µm and 10.4 µm. 

Simulations are done to optimize the geometrical parameters such as silicon width tip at the 

facet to achieve the best mode matching and tapering, hence the best coupling efficiency. The 

simulations are performed using the FDTD solver of Lumerical, a commercial simulation tool 

from Ansys. To speed up the simulation time, only a single unit cell is simulated. 

Figure 6.5 (b) shows the simulated effective refractive index 𝑛eff(𝑦) of the TE-mode in the 

SWG section dependent on the silicon width. The knowledge of the effective index is 

important, as the ratio between the period Λ(y) and the wavelength should be kept constant 

to avoid chirping the grating, which can introduce unwanted reflections [29], hence 

Λ(𝑦) ⋅ 𝑛eff(𝑦) = const. The total coupling efficiency of the edge coupler is comprised of the 

propagation loss through the taper and the power coupling between the edge coupler tip and 

the fibre mode. Figure 6.5 (c) shows the simulated power coupling between two different fibres 

with different MFDs. A fibre with a smaller MFD of 4 µm is preferable to a SSMF. A peak power 

coupling efficiency of -0.28 dB in the C-band is simulated at a silicon width of 230 nm. The 

power coupling is calculated according to (EQ2): 

 𝜂 = |Re [
(∫ 𝑬1 × 𝑯2

∗ ⋅ 𝑑𝐒)(∫ 𝑬2 × 𝑯1
∗ ⋅ 𝑑𝐒)

∫ 𝑬1 × 𝑯1
∗ ⋅ 𝑑𝐒

]
1

Re[∫ 𝑬2 × 𝑯2
∗ ⋅ 𝑑𝐒]

|, (EQ2) 

where 𝑬1, 𝑯1 and 𝑬2, 𝑯2 are the electric and magnetic field vectors of the edge coupler mode 

and fibre mode, respectively. Figure 6.6 shows the calculated mode of a Gaussian fibre mode 

with MFD of 4 μm and the simulated mode field of the SWG edge coupler at the facet.  
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Figure 6.6: (a) Electric field of a Gaussian mode polarised in y-direction with a mode field 
diameter (MFD) of 4 μm. (b) Electric field of the TE-mode of the SWG waveguide with a 

silicon tip width of 230 nm. 

The propagation loss achieved through the SWG taper is difficult to predict as it depends on 

fabrication quality, such as the sidewall roughness of the silicon and coupling to substrate 

modes. An optimal taper length exists, which couples the mode adiabatically to prevent 

reflection and scattering while keeping propagation loss at a minimum. This optimal length of 

the coupler will be determined in an experiment by sweeping the length of the edge coupler 

on the chip and measuring the coupling loss. 

6.2.2 Graphene Photodetectors 

During the first phase of the project, high-speed plasmonic graphene photodetectors have 

been simulated and designed. The architecture of the photodetector is shown in Figure 6.7 

(a). A graphene layer is deposited on top of the waveguide. To enhance the absorption in the 

graphene, plasmonic resonators are placed on top of the graphene. For efficient extraction of 

the excited carriers the resonators are interconnected and routed to the signal pad of the 

photodetector. Furthermore, using the plasmonic resonators the device can be kept small to 

reduce parasitic effects for high bandwidth operation. A top gate is used to control the 

operation point of the photodetector - depicted by the dashed line in Figure 6.7 (a). The 

estimated responsivities are shown in Figure 6.7 (b) and (c) and reach >0.4 A/W in the C- and 

L-Band and up to 0.36 A/W in the O-Band.  

 

Figure 6.7: Photodetector concept and estimated responsivities. (a) Architecture of the 
device, showing the transferred graphene on top of a Si waveguide. Plasmonic resonators 

are placed on top of the graphene layer to enhance the absorption and keep the device 
small. A top gate is used to control the working point of the device. (b) Estimated 

responsivity in the C- and L-Band at zero bias operation. (c) Estimated responsivity in the O-
Band. The device is also operated at zero bias. 
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Due to the small size of the photodetector, the parasitic capacitance is very small. 

Furthermore, carrier mobility in graphene can exceed 15’000 cm2V-1s-1 and might even be 

improved up to 100’000 cm2V-1s-1 [30]. Therefore, the bandwidth is mainly limited by the pad 

design and impedance matching of the device. In Figure 6.8 a bandwidth simulation is shown 

where the photodetector was treated as a lumped element with the impedance plotted in 

subfigure (a). These simulations estimated a bandwidth of around 620 GHz, which covers the 

band between 200 and 300 GHz, which is the most interesting for free-space THz 

communications. This bandwidth can be improved if the load can be tuned, as is the case for 

an antenna. 
 

  
Figure 6.8: Bandwidth simulation of the designed photodetector. (a) Estimated impedance of 
the device. We have the real part in blue and the imaginary part of the device impedance Zd 

in orange. (b) Estimated bandwidth for a 50 Ohm load connected to the photodetector. The 
simulated 3 dB bandwidth is around 620 GHz. 

6.2.3 Modulators 

A simplified analytical model can be used for standard single-drive MZMs to model the 

electrical frequency response of the electrodes. For integration, such devices might have 

additional pads besides the electrodes, making them compatible with wire bonding. The LC 

circuit model then becomes an LC-LC model, as depicted in Figure 6.9. 
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Figure 6.9: Equivalent analytical model of a plasmonic modulator in a transmission system. 
 

This model can be used for high frequencies (i.e., >1 GHz). The inductance of the potential 

wire bonds L1 is determined to be 57 pH, and the capacitance C1 is 0 F. The inductance L2, 

mainly of the thin electrode strips, is determined to be 65 pH, and the electrode capacitance 

C2 is 25 fF. 

In the first year of the project, different modulator layouts and footprints were simulated and 

then tested [31]. The capacitance of electrode-only devices was measured for various slot 

lengths with a constant width of 140 nm. The results are shown in Figure 6.10. 

 

Figure 6.10: Total capacitance over slot length simulated for 60, 100, and 140 nm widths. 

The shorter and wider the slots, the smaller the total capacitance. For 140 nm, 

measurements are compared to the simulation and match very well. [31] 
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For a modulator with a length of 10 µm, one can insert the capacitance of 1.6 fF, the 3 dB 

cutoff frequency can be calculated by: 

𝑓3𝑑𝑏 =
1

2𝜋𝑅𝐶
, 

which would result in roughly 2 THz. 

Figure 6.11 shows that the field confinement of the plasmon exhibits extremely high 

confinement below 200 nm. However, the narrower the slot, the larger the losses. Hence, 

choosing the correct slot width is a trade-off. Our simulations show that the ideal slot width is 

between 75 and 125 nm for losses around 0.5 dB/µm. 

 

Figure 6.11: Plasmonic slot mode for widths between 25 and 500 nm. The narrower the slot, 

the better the field confinement. However, high confinement comes with increased 

plasmonic losses. [32] 

 

6.2.4 Sub-THz Antennas 

For the on-chip plasmonic antenna, the antenna section itself is an extension of the 

modulator’s electrodes. The simplest antenna designs are dipole antennas but can be 

designed as bow-tie or four-leaf clover antennas. When modulators are directly integrated with 

the antenna, the main goal is maximising the electric field across the modulator. In [33], the 

principle of the equivalent circuit of such a device is suggested (Figure 6.12 (a) and (b)). To 

achieve the required field enhancement, a combination of two identical antennas is used with 

the modulator in the middle. 

 

Figure 6.12: (a) antenna modulator model with a (b) equivalent circuit and (c) the 

corresponding near-field distributions of the plasmonic modulator antenna. [33] 
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Figure 6.12 (c) shows that the modulator consumes charge. Hence, the electric charge close 

to the modulator is lower than at the unconnected ends of the antenna. Furthermore, as 

desired, the field enhancement is strongest in the modulator area. 

The ideal length of the antenna is related to the modulator capacitance. To find the optimal 

antenna-modulator combination with the antenna resonance at the desired frequency, one 

has to match the antenna to the capacitance of the modulator. 

 

Figure 6.13: Three possible plasmonic modulator integrated antenna types: (a) thin bow-tie, 

(b) wide bow-tie, and (c) four-leaf-clover. [33] 

Figure 6.13 depicts three possible antenna types: the thin bow-tie, the wide bow-tie, and the 

four-leaf clover. By optimising parameters for operation at 200 GHz, the field enhancement for 

each type is shown in Figure 6.14. The four-leaf clover antenna shows the highest field 

enhancement but has a narrow operating span. The wide bow-tie has the lowest field 

enhancement but the widest operating range, and the thin bow-tie has only a slightly narrower 

operating range but stronger field enhancement. 

 

Figure 6.14: Field enhancement between 100 and 300 GHz with a peak aimed at 200 GHz. 
The four-leaf-clover antenna shows the strongest enhancement in the narrowest band. The 

wide bow-tie shows the widest operating range but lowest enhancement [33]. 
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7 Deviations and Challenges 
The ECO-eNET WP2 work described thus far involves solid analysis, specifications, and the 

use of internally established design processes by each partner to successfully complete the 

design phase of the project. However, given the nature of photonic fabrication processes, 

materials, and knowledge of the required photonic packaging of the resulting components, 

several upcoming challenges related to the FSO and sub-THz component development have 

been identified and described below. 

7.1 FSO Components 

A principal challenge in designing the MAA system is the co-designing and integration of the 

Phasing PIC and the PL. The system is targeted to operate with WDM and dual polarisation 

links. As a result of the former, it is likely required to directly butt-couple the PL with the PIC, 

removing optical fibres. Although the system can function using fibre connections with a single 

WDM channel, it is expected that moving to several spectral channels will not be compatible 

with fibre arrays. This is because the fibre array lengths will not be controlled to high accuracy 

or precision. As a result, when connecting the lantern to the phasing PIC using fibres, each 

spatial channel will experience a different optical path length, creating a different 

interferometric condition for each wavelength channel.  

To solve the above issue, it is planned to butt-couple the PL directly to the PIC to avoid optical 

path length errors. This butt-coupling scheme presents challenges due to differences in lantern 

and PIC technology. The PL has a relatively low index contrast, and the PIC has a high index 

contrast. The result of this is that the PIC has an optical IO MFD of ~2 µm to 2.5 µm, while the 

PL is generally designed for coupling to an MFD of ~10 µm for use with SMF.  Figure 7.1 

shows the theoretical transmission losses from an MFD of 2 µm to varying MFD sizes 

assuming Gaussian beam shapes.   

Two options were assessed to adapt the MFD to the PIC: 

1. An optical interposer. 

2. MFD tapering on the PL.  

 

Figure 7.1: Analytically calculated power transmission between a 2 µm FMD and MFDs of 

varying size. 
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The options are illustrated in Figure 7.2. The first option is to taper the MFD down on the PL. 

This complicates the PL design, and the MFD can likely only be tapered down to 5 µm, 

corresponding to ~ 3 dB of loss. The second option is to use an optical interposer between 

the lantern and PIC, which rescales the MFD from 10 µm to 3 µm. The optical interposer 

approach would theoretically reduce the losses more than the first option. However, adding 

another component was deemed to increase the assembly complexity too much. As a result, 

the first option was deemed the most suitable for this stage of the technology. The approach 

is estimated to suffer from an overhead loss of ~2 dB compared to coupling to UHNA fibre 

arrays.   

 

Figure 7.2: Two approaches for matching MFDs: (top) the MFD is reduced on the PL to 5 

µm, and (bottom) an optical interposer is used to reduce the MFD to 3 µm.  

7.2 Sub-THz Components 

One main challenge will be to achieve a responsivity of 0.1 A/W in the fabricated graphene 

PD, as graphene exhibits a variety of physical detection effects. Effects based on charge 

carriers are the photoconductive and photovoltaic (PV) effects. Thermal mechanisms are the 

bolometric and photo-thermo-electric effects. All these effects coexist simultaneously, making 

device design and optimisation challenging, as the interplay between these effects is not very 

well understood [11]. Although these effects are captured separately in simulations, the 

interplay of these effects is challenging to model and can lead to discrepancies between 

simulation and measurements. This challenge will be overcome by performing multiple 

fabrication runs and characterising each graphene PD design in terms of responsivity at 

different bias and gating voltages and frequencies. The measurement results will be used to 

update the simulation environment for further optimisation. Another challenge is the optical 

power handling limitation, which arises, as demonstrated in [11] when going from free-space 

coupled graphene PDs to waveguide coupled graphene PDs with one order of magnitude 

smaller footprint and higher power densities. This challenge can be overcome by connecting 

multiple graphene PDs in a power-combining circuit, thus dividing the power load to multiple 

devices. 
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Another major challenge for the RFW link will be to extend the system to dual polarisation. 

Using parabolic mirrors together in ensemble with integrated on-chip antennas to reach 60 

dBi to enable dual-polarization functionality has never been achieved so far. Coupling from 

free-space to on-chip antennas comes with a challenge in terms of exciting substrate modes 

that can propagate through the chip. Depending on the frequency, these modes constructively 

and destructively interfere with the antenna, which leads to a deteriorated coupling efficiency 

and frequency response, as shown in Figures 7.3 (a) and (b). 

 

Figure 7.3: (a) Electric field plots of a transmitting antenna at 200, 250 and 300 GHz on a 
silicon substrate. For an unmodified chip (full substrate), substrate modes emerge, which 
deteriorates the coupling efficiency and frequency response. Modifying the substrate by a 

local silicon etch beneath the on-chip antenna (back-etch) or lapping the full chip can reduce 
the substrate modes. (b) Effect of the substrate modes on the reflection parameters of the 

antenna. 

This challenge can be addressed by thinning the substrate locally beneath the antenna or on 

the entire silicon chip. As shown in Figure 7.3, these techniques can reduce the substrate 

modes and, therefore, improve the frequency response of the antenna. However, a coupling 

efficiency penalty is expected due to substrate mode formation, which will reduce the overall 

antenna gain. This shall be compensated by improving the performance of other components 

or increasing the laser power. The benchmark to compare performance with are commercial 
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polarisation combiners, also called orthomode transducers, and RF probes, based on hollow 

metallic waveguides with insertion losses in the order of 2.5 dB at sub-THz frequencies [34].  
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Conclusion and ECO-eNET Impact 
 

The ECO-eNET vision of a truly confluent edge network is predicated on innovation across all 

networking layers up to and including network orchestration. To realise this vision, these 

innovations cannot occur in isolation but must be complementary and mutually beneficial. The 

detailed analysis and design work presented in the previous sections represent the critical 

developmental steps in producing the most fundamental physical layer wireless components 

required by the ECO-eNET network and its 6G service requirements - as outlined in project 

Deliverable D1.1. In this context, the finalised FSO and sub-THz components outlined in 

Section 6 have been specifically tailored and designed to enable 100s of Gb/s to Tb/s speeds 

through optical coherent WDM transmission, which is also leveraged throughout the fibre and 

switching portions of the ECO-eNET network. Furthermore, the component designs have been 

chosen to facilitate ease of connection with surrounding fibre-based test and networking 

equipment. This will allow the construction of laboratory-based test-beds for initial 

transmission testing in WP2, resulting in the achievement of O1.1 and O1.2, and ultimately in 

the development of both confluent and joint outdoor demonstrators in WP4, contributing to the 

achievement of objectives O1.4, O3.1 and O3.3. For both FSO and sub-THz transmission 

systems, the aim is to provide end-to-end wireless connectivity with a power per bit not 

exceeding 40 pJ/bit. While the evaluation of this target will be borne out by the system 

development and evaluation phase of the project, the component designs and specifications 

above address this aim, specifically through the selection of SiN (a particularly low-loss 

material) as a photonic platform and the targeted reduction of optical coupling losses through 

edge coupler optimisation, for the FSO and sub-THz/plasmonic technologies, respectively. 

Beyond the novel aspect of the actual component designs, the implementation of the required 

device functionality using photonic integrated platforms is highly significant. This marks a 

departure from state-of-the-art FSO and sub-THz systems that rely on bulky and expensive 

optical and electronic components and points toward scalable, small form factor and energy-

efficient component solutions required for future industrialisation. This holds particular 

importance when it comes to the future adoption of an ECO-eNET style mesh network in the 

6G era which, by its very nature as an edge network infrastructure, entails the wide-scale 

deployment of terabit-scale wireless systems.  

  



ECO-eNET D2.1  52 of 54 
 

   
 

References 
 

[1] S. Mohsan, M. Kahn and H. Amjad, “Hybrid FSO/RF networks: A review of practical 

constraints, applications and challenges”, Opt. Switch. Netw. 47, C (Feb 2023). 

https://doi.org/10.1016/j.osn.2022.100697 

[2] News Article “Google's parent company uses lasers to bring internet service to villages”, 

World Economic Forum, July, 2023, Available  online: 

https://www.weforum.org/stories/2023/07/google-alphabet-taara-internet-service-villages/ 

[3] S. Sharma and A. S. Madhukumar, “On the Performance of Hybrid THz/FSO System,” in 

IEEE Communications Letters, vol. 27, no. 12, pp. 3394-3398, Dec. 2023 

[4] A. Vavoulas, H.G. Sandalidis, and D. Varoutas, “Weather Effects on FSO Network 

Connectivity,” J. Opt. Commun. Netw., vol. 4, pp. 734-740, 2012 

[5] S. Liu, X. Yu, R. Guo, Y. Tang and Z. Zhao, "THz channel modeling: Consolidating the 

road to THz communications," in China Communications, vol. 18, no. 5, pp. 33-49, May 2021 

[6] P. K. Singya, B. Makki, A. D’Errico and M. -S. Alouini, "Hybrid FSO/THz-Based Backhaul 

Network for mmWave Terrestrial Communication," in IEEE Transactions on Wireless 

Communications, vol. 22, no. 7, pp. 4342-4359, July 2023 

[7] R. Marchetti, C. Lacava, L. Carroll, K. Gradkowski, and P. Minzioni, “Coupling strategies 

for silicon photonics integrated chips [Invited],” Photonics Res., vol. 7, no. 2, p. 201, 2019, doi: 

10.1364/prj.7.000201. 

[8] G. P. Agrawal, Fiber-optic communication systems. John Wiley \& Sons, 2012. 

[9] J. Dittmer et al., “Comparison of electronic and optoelectronic signal generation for ( sub- ) 

THz communications,” 2024. 

[10] P. Latzel et al., “Generation of mW Level in the 300-GHz Band Using Resonant-Cavity-

Enhanced Unitraveling Carrier Photodiodes,” IEEE Trans. Terahertz Sci. Technol., vol. 7, no. 

6, pp. 800–807, 2017, doi: 10.1109/TTHZ.2017.2756059. 

[11] S. M. Koepfli et al., “Metamaterial graphene photodetector with bandwidth exceeding 500 

gigahertz,” vol. 1174, no. June, pp. 1169–1174, 2023, doi: 10.1126/science.adg8017. 

[12] N. R. Council et al., Optics and photonics: Essential technologies for our nation. National 

Academies Press, 2013. 

[13] U. Koch et al., “Optical memristive switches,” Journal of Electronics, journal article vol. 

39, no. 1, pp- 239-250, December 2017 

[14] Y. Salamin et al., “Microwave plasmonic mixer in a transparent fibre–wireless link,” Nat. 

Photonics, vol. 12, no. 12, pp. 749–753, 2018, doi: 10.1038/s41566-018-0281-6. 

[15] Y. Salamin et al., “300 GHz plasmonic mixer,” 2019 IEEE Int. Top. Meet. Microw. 

Photonics, MWP 2019, no. 173996, pp. 1–4, 2019, doi: 10.1109/MWP.2019.8892017.]. 



ECO-eNET D2.1  53 of 54 
 

   
 

[16] Y. K. Chahine, S. A. Tedder, B. E. Vyhnalek, and C. A. Wroblewski, “Beam propagation 

through atmospheric turbulence using an altitude-dependent structure profile with non-

uniformly distributed phase screens”, in Free-Space Laser Communications XXXII, 2020, vol. 

11272, Art. no. 1127215. doi:10.1117/12.2543583. 

[17] L. C. Andrews, Field Guide to Atmospheric Optics. Bellingham, WA: SPIE, 2004. 

[18] OpenZR+ Specifications, version 1.0, September 4, 2020. Available at: 

https://www.openzrplus.org/documents/specifications/ 

[19] K. Kikuchi and S. Tsukamoto, “Evaluation of sensitivity of the digital coherent receiver,” 

J. Light. Technol., vol. 26, no. 13, pp. 1817–1822, 2008, doi: 10.1109/JLT.2007.913589. 

[20] R. -J. Essiambre, G. Kramer, P. J. Winzer, G. J. Foschini and B. Goebel, "Capacity Limits 

of Optical Fiber Networks," in Journal of Lightwave Technology, vol. 28, no. 4, pp. 662-701, 

Feb.15, 2010, doi: 10.1109/JLT.2009.2039464. 

[21] D. Noordegraaf, P. M. W. Skovgaard, R. H. Sandberg, M. D. Maack, J. Bland-Hawthorn, 

J. S. Lawrence, and J. Lægsgaard, "Nineteen-port photonic lantern with multimode delivery 

fiber," Opt. Lett., vol. 37, no. 4, pp. 452–454, Feb. 2012, doi: 10.1364/OL.37.000452 

[22] Y. Dana, Y. Garcia, A. Kukin, et al., "Free-standing microscale photonic lantern spatial 

mode (De-)multiplexer fabricated using 3D nanoprinting," Light Sci. Appl., vol. 13, no. 126, 

2024, doi: 10.1038/s41377-024-01466-6. 

[23] N. Fontaine, J. Carpenter, S. Gross, S. Leon-Saval, Y. Jung, D. Richardson, and R. 

Amezcua-Correa, "Photonic Lanterns, 3-D Waveguides, Multiplane Light Conversion, and 

Other Components That Enable Space-Division Multiplexing," Proc. IEEE, vol. PP, pp. 1–14, 

Nov. 2022, doi: 10.1109/JPROC.2022.3207046. 

[24] W. Heni et al., “Plasmonic Photonic Integrated Circuits: Technology, Performance, 

Applications and Future Prospects 

[25] M. Burla et al., “500 GHz plasmonic Mach-Zehnder modulator enabling sub-THz 

microwave photonics,” APL Photonics, vol. 4, no. 5, pp. 0–11, 2019, doi: 10.1063/1.5086868. 

[26] D. Moor et al., “MHz-to-THz Plasmonic Modulator,” no. c, pp. 2–3. 

[27] H. Ibili et al., “Plasmonic On-Chip Antenna Enabling Fully Passive sub-THz-to-Optical 

Receiver for Future RoF Systems,” pp. 3–5, 2024. 

[28] P. Cheben et al., “Broadband polarization independent nanophotonic coupler for silicon 

waveguides with ultra-high efficiency,” Opt. Express, vol. 23, no. 17, p. 22553, 2015, doi: 

10.1364/oe.23.022553. 

[29] T. Barwicz et al., “Integrated Metamaterial Interfaces for Self-Aligned Fiber-to-Chip 

Coupling in Volume Manufacturing,” IEEE J. Sel. Top. Quantum Electron., vol. 25, no. 3, pp. 

1–13, 2019, doi: 10.1109/JSTQE.2018.2879018. 

[30] W. Guo et al., “Extremely High Intrinsic Carrier Mobility and Quantum Hall Effect Of Single 

Crystalline Graphene Grown on Ge(110),” Adv. Mater. Interfaces, vol. 10, no. 23, pp. 1–8, 

2023, doi: 10.1002/admi.202300482. 

https://www.openzrplus.org/documents/specifications/


ECO-eNET D2.1  54 of 54 
 

   
 

[31] D. Moor et al., “MHz-to-THz Plasmonic Modulator,” IEEE Photonics Conference (IPC 

2024), Rome, Italy, 2024, doi: 10.3929/ethz-b-000706170 

[32] W. Heni, “Plasmonic-Organic Hybrid Modulators”, Thesis Vol. 9, ETH Zurich, 2019 

doi.org/10.3929/ethz-b-000353598 

[33] H. Ibili et al., “Modeling Plasmonic Antennas for the Millimeterwave & THz Range,” IEEE 

J. Sel. Top. Quantum Electron., vol. 29, no. 5, pp. 1–15, 2023, doi: 

10.1109/JSTQE.2023.3314696. 

[34] Eravant, “J-Band Orthomode Transducer.” www.eravant.com/220-to-330-ghz-30-db-iso-

0-034-x-0-034-sq-wg-ant-port-j-band-orthomode-transducer. 

 

 

 


