PROTEUS ()65

PROJECT: PROTEUS-6G GRAND AGREEMENT NO: 101139134

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR

EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G

INFORMATION & COMMUNICATION TECHNOLOGIES (ICT)

START DATE: 01/01/2024
END DATE: 31/12/2026
DURATION: 36 MONTHS
PROJECT URL: WWW.PROTEUS-6G.EU

Deliverable D3.1 — Hardware implementations for the
Spatially-Diverse Point to Multi-Point Distribution Unit

WORK PACKAGE

TASK

DUE DATE
SUBMISSION DATE
DISSEMINATION LEVEL
DELIVERABLE LEAD

VERSION
AUTHORS

REVIEWERS

HORIZON EUROPE
2021-2027

WORK PACKAGE 3
Task 3.1
30/04/2024
30/6/2025

PuBLIC

UNIVERSITY OF PATRAS

1.0

DAN MAROM (HUIJI), CHRISTOS CHRISTOFIDIS
(UPAT), AND ROEL BOTTER (LIX)

ALBERTO OTERO CASADO (NOKIA)

PROTEUS-6G project is funded by the EU's HORIZON-JU-
SNS-2023 program under Grant Agreement No. 101139134




Deliverable D3.1 2

Document revision history

m Description of change List of contributor(s)

15/04/2024 Table of contents & initial commit Dan Marom
V0.2 XX/XX/XX SDPtMP implementation content Dan Marom
V0.3 22/09/2025 Final Review Alberto Otero Casado
Disclaimer

The content of the publication herein is the sole responsibility of the publishers, and it does not necessarily
represent the views expressed by the European Commission or its services.

While the information contained in the documents is believed to be accurate, the authors(s) or any other
participant in the PROTEUS-6G consortium make no warranty of any kind with regard to this material
including, but not limited to the implied warranties of merchantability and fitness for a particular purpose.

Neither the PROTEUS-6G Consortium nor any of its members, their officers, employees or agents shall be
responsible or liable in negligence or otherwise howsoever in respect of any inaccuracy or omission herein.

Without derogating from the generality of the foregoing neither the PROTEUS-6G Consortium nor any of its
members, their officers, employees or agents shall be liable for any direct or indirect or consequential loss
or damage caused by or arising from any information advice or inaccuracy or omission herein.

Copyright notice

© 2024 — 2026 The PROTEUS-6G Consortium. This deliverable contains original unpublished work except
where clearly indicated otherwise. Acknowledgement of previously published material and of the work of
others has been made through appropriate citation, quotation or both. Reproduction is authorized provided
the source is acknowledged.

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D3.1 3

Executive summary

Deliverable 3.1 describes the hardware implementation required to fulfil PROTEUS-6G optical fronthaul fiber
connectivity, offering new interconnect capability afforded by the Spatially-Diverse Point-to-MultiPoint
(SDPtMP) hardware. Conventional fronthaul distribution networks are often based on Point-to-MultiPoint
(PtMP) arrangement, implemented with an N-way splitter/combiner for its simplicity, resiliency, and cost-
effectiveness. However, the expected aggregate capacity in 6G cellular networks needed to be delivered to
antenna sites and the network reconfigurability and demand churn to efficiently operate 6G networks in
hardware costs and power consumption necessitate new adaptive architectures for resource sharing of
network assets and transceiver capacity. The new SDPtMP offers the ability to share digital subcarrier
resources (or DSCM), as opposed to full channel bursts shared on a common channel in time (or TDM), as
well as interconnect or associate network services from several sources (i.e., disaggregated architecture)
onto antenna sites by the use of spatial mapping patterns applied onto subcarrier groups.

We study solutions for implementing the SDPtMP node, including MxN Wavelength-Selective Switches
(serving as aggregator switches), Multicast Switches, and wavelength/frequency routing elements as Arrayed
Waveguide Grating Router and a new passive optical element we devised called an optical interlacer. The
interlacer is based on a network of 2x2 sharp optical interleavers, arranged in two stages and interconnected
in butterfly pattern. While the interleavers are identical, the second stage is spectrally shifted by % cycle. The
cascaded interleaving results in four separated subcarrier groups, each one originating from a different
interlacer input. Thus, our 4x4 interlacer functions on subcarrier groups and interconnects each source to a
destination in a predictable, circular way, even if all inputs are operating on the same optical carrier. The
optical interlacer is essentially lossless, forming the subcarrier connectivity that is utilised at the network
level to provision services and capacity to antenna remote units. Another critical attribute of the optical
interlacer is that it can be implemented as a photonic integrated circuit (PIC) in a cost- and space-effective
solution.

We study these optical solutions for the SDPtMP node and find that the optical interlacer functioning at the
subcarrier resolution best meets the fronthaul needs due to its passive nature which allows switching
functions to be relegated to the transceiver electronics, allowing the network to rapidly respond to demand
fluctuations.
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1. Introduction

PROTEUS'’s new fronthaul distribution element, the spatially-diverse point to multi-point (SDPtMP) node,
provides four parallel feeds to the fronthaul segment to spatially-broaden the delivered capacity, with the
SDPtMP element assigning the expanded resources/capacity to cell sites via single fiber feeds. The SDPtMP
serves as the gateway to the fronthaul segment, as seen in Figure 1. Four parallel fiber feeds, with Space-
division multiplexing (SDM) ingresses and egresses, and each potentially carrying wavelength-division
multiplexing (WDM) traffic, quadruple the incoming capacity compared to traditional point to multi-point
(PON) architecture. The four parallel fibers feeding the fronthaul’s SDPtMP element from the access central
office (CO) are routed via an SDM/WDM reconfigurable optical add-drop multiplexer ROADM node. This
ROADM node, which provides full optical connectivity across all spatial and spectral channels, also interfaces
to the midhaul network segment (metro-ring, that can be future upgraded to SDM, shown as dashed lines).
As such, the ROADM node can just as readily inject a wavelength channel to any of the four spatial fiber
inputs originating from another access CO residing on the midhaul network (subject to timing delay
constraints). Network reconfigurability then allows cell sites to optically reach resources residing at another
access CO, breaking the rigid single-CO to cell-site association. This architecture provides transparent optical
connectivity between cell sites to the access COs free from timing jitter as time-division multiplexing (TDM)
protocols are eliminated, thus, photonic connections experience only deterministic propagation delay. It also
allows for disaggregation of network functions, which can be distributedly-deployed and connected to the
edge (remote units) via subcarrier routings.

The node is further designed to operate with digital subcarrier multiplexing (DSCM) transceivers utilizing 16
subcarriers spaced at 4 GHz and carrying 25 Gb/s data (for a total of 400 Gb/s over 64 GHz, with the
bandwidth limited by the available of ultra-high-speed DAC/ADC technology). The SDPtMP node interlaces
digital subcarriers (DSCs) from the four different SDM inputs even, or especially, when the same wavelength
appears on different inputs, using our new innovation, the circular subcarrier interlacer, which is the enabling
component of the node. The subcarrier interlacer shuffles the subcarriers from its four inputs, resulting in
four new, orthogonal DSCM signals where each contains a unique set of subcarriers from the four input
sources. These four outputs are distributed to cell sites by wavelength routing/selection, such that each edge
receives subcarriers from each of the four sources on a particular wavelength, forming a unique association
between several sources and each cell site. We safely allow here all four inputs to reside on the same centre
optical wavelength, but note that the circular subcarrier interlacer functions for any spectrally aligned
wavelength channel input, and we foresee multiple wavelength channels being processed all-optically and in
parallel. In fact, in PROTEUS-6G, it is advised to first occupy the same wavelength across all spatial inputs
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Figure 1 — PROTEUS-6G network. Fronthaul segment fed by four-parallel inputs that are processed by the spatially-diverse point to
Multi-Point (SDPtMP) network element to reach remote units.
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prior to introducing another wavelength channel so that a common channel edge receiver unit can ‘see’ the
four incoming spatial channels.

The SDPtMP node enables using subcarriers as the multiple-access commodity, whereas most network
switching gear operates at the wavelength level. This enables instantaneous reconfigurability by the end
transceivers (CO and edge) providing dynamic subcarrier utilization, with the fronthaul network providing
the subcarrier-cell site associations. By dynamic reconfiguration of the subcarriers, nearly full channel
capacity can be routed to a cell site allowing subcarrier utilization for throttling capacity. Once capacity of a
wavelength channel is consumed, another WDM channel can be rapidly allocated across the fronthaul
network.

At the heart of the fronthaul network resides the SDPtMP element, which may be realized by different
photonic technologies, appearing in Figure 2. The first two photonic technologies are adopted from new
ROADM designs incorporating devices for colourless/directionless/contentionless (CDC) add/drop
transceiver access. The Multi-Cast Switch (MCS) is a device splitting the power of each of the 4-8 inputs to
multiple outputs (e.g., 16) with a selector switch disposed at each output selecting the input to connect [1].
When used as an SDPtMP node, it essentially overlays four PON networks and allows each cell site to
subscribe to any one of them, hence to any access CO. With minor modification to the selector switch (based
on shutters and passive combining), edge cells can merge feed contributions of two or more inputs (provided
there is no spectral overlap between them). This allows wavelengths and/or subcarriers from different spatial
inputs to simultaneously feed different outputs, at the expense of overall capacity. The downside of the MCS
solution is the large inherent losses stemming from the power splitters (same as occurring in PON
architectures), necessitating the introduction of optical booster amplifiers. The contentionless MxN
wavelength-selective switch (WSS) is a sophisticated WSS variant that individually routes WDM channels
introduced at its M input ports to any of its N output ports (with N»M) under the limitation that all dropped
wavelengths at an output must originate from the same input [2]. The contentionless WSS creates a
reconfigurable association between an output port and an input port for as many WDM channels as desired.
(Many output ports can associate with the same input port, distributing the input WDM channels to the
associated output ports). The WSS is inherently lossless (in practice, excess loss varies between 3 and 7 dB
[3]), yet cannot access the subcarrier multi-access level due to resolving limit to WDM channel level and no
option to passively combine signals. A technology borrowed from datacentre networks, of circular arrayed
waveguide grating router (AWGR) having multiple I/O ports, allows the passive routing of wavelengths from
the input ports to output ports. The dispersive demultiplexer arrangement creates an association from any
input port to any output port by wavelength selection, with the circular property (Free spectral range (FSR)
smaller than the optical bandwidth) allowing multiple input wavelengths to be associated with an output [4].
The circular AWGR is also inherently lossless (in practice, few dB [5]), yet it is unable to resolve below the
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Figure 2 — Photonic technologies for implementing SDPtMP fronthaul distribution element. (a) 4xN Multicast switch, (b) 4xN
contentionless wavelength-selective switch, (c) Multi-input circular arrayed waveguide grating router, (d) Sharp interleaver based on
RAMZI filter, (e) PROTEUS-6G’s new innovation of circular subcarrier-group interlacer using interleaver network.
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WDM level (hence incompatible with subcarrier access) and channel passband limited by Gaussian profile.
The fixed association between ports and wavelengths has been used for wavelength-addressed fast switching
using tuneable wavelength, or laser-bank based transceivers [6]. A key novel photonic element, conceived
exclusively for PROTEUS-6G, is based on a mesh of interleavers offering multiple input, multiple output
circular subchannel demultiplexing. Sharp optical interleavers based on ring-assisted Mach-Zehnder
interferometers (RAMZI) [7], are arrayed in a mesh topology interlacing the /O ports at the sub-channel level.
Thus, optical subcarriers form the associations between /O ports, and become the multi-access commodity,
whereas the circular subchannel demultiplexer operates in identical manner over all WDM channels. Hence,
four input transmitters at the same optical wavelength can each instantaneously address the four outputs by
electronic subcarrier selection, and the four receivers can each simultaneously receive subcarriers from each
transmitter with no risk of crosstalk (XT). Additional networking flexibility is provided by optical wavelength
routing through the fronthaul network configuration (be it passive or active), which enables to address any
particular cell site. Coupled with fast tuneable lasers or a selectable laser from a bank, fast switching by
wavelength selection is further introduced.

In this Proteus-6G deliverable 3.1 we inspect the different networking elements that can comprise the
SDPtMP node, and specifically focus on the circular subcarrier interlacer element, whose implementation is
with different interleaver design options are explored. It is further chosen for the fact that it can be
implemented in single photonic integrated circuit (PIC) form, which allows for parallel fabrication at the wafer
level and small and compact form factor devices conducive to the mass deployment scenarios we envision
for Proteus-6G technology.
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2. Optical Switching/Routing devices for SDPtMP Distribution Node

Different optical solutions may be deployed at the SDPtMP node to interface remote hubs with information
introduced by several spatial feeds. We describe the attributes of each of these solutions in this section and
how they match (or not) to the fronthaul feed requirements.

2.1 MxN Multi-Cast Switch

A Multi-Cast Switch (MCS) is an optical element having multiple, M, input fibers each carrying WDM traffic
destined onto a multiple, N, often many, output fiber ports. Internally, each input fiber of the MCS is split N
ways in a passive, lossy manner, with each copy routed to the output fiber ports. An Mx1 fiber selector switch
disposed at each of N output fiber ports actively associates which input source copy will be routed to the
output fiber. See Figure 3-left. A tuneable wavelength filter may be introduced to isolate a single drop
channel from the selected direction when direct detection is employed (Figure 3-right). However, for
coherent detectors this filter may be discarded. As most tuneable filter implementations offer roughly
constant bandwidth with central frequency tuning, the filter may limit the channel bandwidth, hence
impacting the support for channel flexibility and elastic optical networking. Since most elastic networking
solutions utilize coherent detection, this should not be a detriment. While the MCS-based solution provides
the full CDC functionality using rudimentary elements of splitters and selector switches, it is hampered by
the high splitting losses inherent to the MCS solution. Therefore, an MCS architecture must be accompanied
by an optical amplifier array to compensate for these losses, which adds to the cost of this solution, increases
the power consumption due to the optical amplifiers, and degrades the signal’s OSNR (see green optical
amplifiers in Figure 3). These shortcomings hamper the widespread acceptance of the MCS-based CDC-
ROADM solutions. The MCS optical elements can be assembled from discrete components (splitters and
switches) and achieve exceptionally good performance limited by the inherent splitting losses, yet this
requires manual assembly effort and large enclosure packaging. Alternatively, the MCS can be designed and
implemented as a very compact PIC, with excess losses due to waveguide crossings.

The MCS establishes one-to-one connectivity patterns between the input port set and any of the outputs. It
cannot support information aggregation from two disparate input ports to one output port. Hence if
information aggregation is desired, say from disaggregated network assets, they must be accessed
sequentially in time, yet the slow switching time of the selector switch often limits this functionality.
Replacing the active switch with a passive combiner is not optional, as the input traffic would interfere.

4x | 4xq |[4xq | 4x1 LXN4xq |[4xq (| 4% | 4xq

VoY v v v v vy

16 C/D/C drop ports

A A A A A A A A
16 D/C drop ports

Figure 3 — Multicast switch variants, with M=4 inputs and N=16 outputs. Left: Selector MCS which independently selects which input

port split will be connected to each of the output ports with selector switches. Right: Selector+Filter MCS, which adds a

wavelength filtering element to the selected port which distributes its information.

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D3.1 11

2.2 MxN Wavelength-Selective Switch

A contentionless MxN WSS, as opposed to conventional 1xK WSS, supports multiple input ports with the
same wavelength channel appearing across more than one of its input ports. As in conventional WSS, all input
and output fiber beams are imaged in the wavelength dispersed plane to a common position. This degeneracy
must be broken, which can be achieved by having a unique position for the dispersed spectrum for each of
the M input (direction) ports and introducing the means to route each output (drop) port to a selected
dispersed spectrum.

One way of achieving a contentionless MxN WSS is to use a modified integrated photonic circuit, designed
not only to broaden a beam but also to prescribe a spatial tilt across it. This is achieved by exciting the zero-
order AWGR with an off-centre mode (see Figure 4-top), as was done for multiple WSS packing. The
subsequent free-space optical arrangement maps each tilt to a unique, offset position on the Liquid-Crystal
on Silicon (LCoS) spatial light modulator (Figure 4-bottom). A wavelength channel can then be routed from
any of the M input dispersed signals to a desired output port (of the N available), by beam-steering towards
the port position on the photonic circuit device. There, the beam couples to the WGR associated with the
desired output destination. Since the incidence angle onto the output-side WGR depends on the input port
source, the signal will emerge at one of the N waveguides attached to the destination slab lens (the actual
waveguide depends on the source input fiber). An active Nx1 switch is placed afterwards to select which of
the N waveguides is connected to the output fiber. This contentionless MxN WSS is also inherently flexible
grid due to the LCoS switching engine, enabling CDC-Flex-ROADM functionality. A contentionless 8x24 WSS

was demonstrated in [8].
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Figure 4 — Contentionless MxN WSS utilizing a PLC front-end. Top: photonic circuit for imparting angle diversity. Bottom: Optical
arrangement of the contentionless MxN WSS with LCoS switching technology for wavelength flexibility.

An alternative simplified free-space arrangement is possible [9], where MEMS tilting micromirrors are placed
on every fiber port or in the beam path for beam-steering to the unique positions on an LC-SLM (where the
fiber spectra are dispersed), as shown in Figure 5. This arrangement, too, allows for contentionless MxN WSS
functionality, with the added benefits that the optical system is fully symmetric (same optical elements in
the path from fiber to spectral plane and back, simplifying the optical design) and that the number of input
fiber ports, M, can be software reconfigured according to the ROADM degree size, with the remaining fiber
ports thereby available to support additional drop ports. For example, contentionless 8x24 WSS functionality
is possible for degree 8 nodes (which occur with reduced frequency). Should the node be of degree 4, the
WSS can be reprogrammed as 4x28, making optimal use of the fiber port resource and availing extra

drop ports.

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D3.1 12
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Figure 5 — Port-reconfigurable WSS array setup using free-space optics. MEMS micromirrors at the fiber beam path enable
assignments of the input/output ports for different realization of contentionless MxN WSS, matching the node size.

WSS are efficient optical elements because they efficiently utilize three-dimensional beam steering in space (or within
the confines of the setup) and switch at the frequency-dispersed plane. Attempts at making integrated WSS on chip give
up both these attributes, and hence have smaller port counts, higher losses, and do not offer flexible channel definition.

2.3 Circular Arrayed Waveguide Grating Router

An arrayed waveguide grating router (AWGR) is a passive optical device extensively used in WDM for
separating an input signal carried on an input fiber/waveguide to multiple output ports each carrying a
distinctive wavelength channel. It is essentially a planar implementation of a dispersive imaging system, with
the two slab regions with confocal surfaces for performing a spatial Fourier transform and an arrayed
waveguide having different optical path lengths serving as an Echelle grating (Figure 6-left). Due to the
constructive and destructive interference caused by the different phase delays, the recombined light focuses
selectively onto specific output ports, depending on the signal’s wavelength. The grating order, defined by
the multiple 21t phase jumps formed by the differential lengths, further define the AWGR’s free-spectral
range (FSR) or unique frequency support. Frequencies beyond the FSR repeat the functionality, hence as a
demultiplexer each output would see multiple wavelengths separated by the FSR. Typically, the FSR is set as
large as the complete WDM bandwidth to separate individual channels, but by setting it as a fraction then
the repeating frequency property would result in multiple demultiplexed channels (separated by the FSR)
appearing on each output. Hence this is called a circular AWGR.

Since the AWGR configuration is a planar imaging arrangement, more than one input may be placed at its
input (Figure 6-right). Each input injects its own light into the system, here the waveguide array after the first
spatial Fourier transform. The origin of the source waveguide is carried through its unique phase front which
is preserved in the waveguide array propagation. At the second spatial Fourier transform, the carried light
again constructively/destructively interferes at the output plane independently for each input source, even
if they have the same and overlapping frequency content. Thus, at the output plane, the beams for each
input are dispersed onto the output waveguide array, with spatial/spectral shifts depending on the input
source. This means that each output waveguide collects unique wavelengths from each input, and this
arrangement has been used for wavelength routing between large source and destination arrays in optical
networking applications.

The passive nature of AWGRs makes them highly reliable, with low insertion loss and no need for electrical
power. Their planar configuration also makes them highly desirable. However, since they are based on light
collection from a dispersed spectrum, their channel characteristics are Gaussian shaped, and if low XT
is desired then large gaps between adjacent channels are required leading to sparse channel

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D3.1 13

arrangements. Furthermore, athermalized design are required if AWGRs are to be truly passive; in practice
the planar device rests on a thermo-electric cooler/heater to stabilize its temperature.

AWGR based devices are challenging to scale towards resolution at the 1 GHz level, as would be required for
separating subcarriers. The reason is that random phase errors across the waveguide array due to fabrication
tolerances limit the accuracy of the delays and result in scattering as opposed to orderly spatial dispersion.
While phase trimming solutions exist, this brings a lot of complexity in implementation.

array of waveguides
(phased array, PA)

oulpul array aperture
input coupler aperture

A\ output star coupler

input array aperture
output coupler aperture

input star coupler
(FPR)

LW, ‘image plane

y TS W

(8

Ay

object plane . :
e focal line

input waveguides

Figure 6 — Left: Optical demultiplexer based on AWGR, having a single input port and multiple output ports for collecting wavelength
channels. Right: Multiple-input / multiple-output AWGR.

2.4 Optical Interlacer

Just as the circular AWGR, which is a passive filtering element, can be turned into a multi-input / multi-output
wavelength demultiplexer with prescribed mapping per wavelength, we can consider a similar arrangement
based oninterleaver demultiplexers. Interleavers, just like AWGRs, send light along waveguides of differential
length and exhibit constructive/destructive interference and hence wavelength filtering response with a
periodic response over an FSR defined by the length difference. While AWGR have many interference paths,
simple interleavers have just two. Interleavers have been used in cascade to perform demultiplexing, by
separating wavelengths to two complementary parts using different periodicities, typically from fine (small
FSR / long length differential) to multiple coarser stages (large FSR / short length differential), see Figure 7-
left. Yet we do note that each interleaver also supports two inputs, which we put into use for the optical
interlacer. Suppose we excite both inputs of the input interlacer tree, then its two outputs would see the
channels belonging alternatingly from each of the two inputs. In other words, the first interleaver would
interlace the wavelength channels coming from the two inputs at each of its two outputs.

We can now expand the interlacer concept to the multiple-input / multiple-output scenario by creating a
multi-stage network of interleavers (see Figure 7-right), here for four inputs and four outputs. Each input
carrier’s wavelength channels are marked by different colours and sources are marked by arrowhead types.
We set fine interleavers in the first stage and can observe that even/odd wavelengths are spatially exchanged
for each interleaver (top one and bottom one). A butterfly interconnection pattern shuffles the feeder
waveguides such that the top half and the bottom half can mix in the second stage using coarse interleavers
which exchange even/odd pairs of wavelengths. The end result is a mapping of input ports to output ports
per wavelength, such that any connection can be established by selecting the appropriate wavelengths; and
the process is cyclical, meaning multiple wavelengths can complete the interconnection, separated by the
coarse interleaver FSR. This functionality is identical to that of the circular AWGR, described earlier, with the
advantage being that the interleaver can be designed to exhibit flat and wide passbands and minimal
transition bands.

The optical interlacer described above uses interleaver stages of varying FSR, starting with the finest
where even and odd wavelengths are exchanged. Since there is always a transition band for filters
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between the pass and block bands, these transition bands cannot be used for information loading as the
spectral content is not uniquely routed to one or the other ports. Thus, there will be lost bandwidth about
each spectral channel. Instead, we design the optical interlacer to separate groups of channels, with flat
pass/block bands or in our case groups of subcarriers. We design our interleaver units to have a periodicity
of 16 subcarriers, covering 7 subcarriers and transitioning through one band (which is sacrificed). The first
and second stages differ by a % spectral shift, which divides the subcarriers to four groups, each of three
subcarriers, that are interlaced between the input and output ports in a known manner (see Figure 2-e).

ettt Baiaitets Geioesony

/\: it g it gemin

B IR P S ol audna | huikh ﬁ><§ 1to11e
25tB/ Out A6 é £

T g oms HHIPIHLIGARIRNTEY g aRitenie

Figure 7 — Left: Interleaver based multistage optical demultiplexer, separating wavelengths from fine to coarse. Right: Optical
interlacer composed of stages of interconnected interleavers, from fine to coarse.

2.5 Photonic Integrated Circuits in Silicon Nitride platform

LioniX International’s TriPleX waveguides comprise a family of waveguide geometries, based on an
alternating layer stack that consists of silicon nitride (SizN,) and silicon dioxide (Si0,). These materials have
refractive indices of approximately 1.98 and 1.45, respectively, at a wavelength of 1.55 um. High-quality
silicon nitride (Si3N,) expands the usable spectral window to 405 nm. The significant index contrast between
silicon nitride and silicon oxide makes the former an ideal material for producing compact photonic circuitry,
which can be used in both infrared and visible light applications. The basic building blocks for TriPleX
waveguide technology include the straight and bent waveguide, tuning element and directional coupler.

Asymmetric Double-Stripe (ADS) geometry:

The asymmetric double-stripe (ADS) is composed of two stripes of Si;N,, with the top stripe being thicker
than the bottom one, and an intermediate layer of Si0, that separates the two stripes (as shown in Figure
8). The lower Si3N, layer facilitates optimisation of coupling to external components such as fibers and/or
active materials without requiring any adjustment to its thickness. Meanwhile, the upper SizN, stripe
thickness can be optimised for a desired bending radius and is removed (tapered down to zero thickness)
elsewhere in the circuit (Figure 9).

1100 nm

(LIC) right waveguide geometries.
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By setting the thickness of the upper Si; N, stripe to 175 nm, the high-index-contrast (HIC) ADS geometry
achieves an effective index of 1.53 and a minimum bending radius of 100 um. Reproducible measurements
of propagation loss values on ADS waveguides have showed less than 0.1 dB/cm. The modal birefringence of
the standard ADS waveguide is AN = 0.05552 (Nrggo= 1.53008 and Nipps00= 1.47456).

Low index contrast High index contrast
¢ . > j=——— 1 [ G
10 pm 2 pm

Figure 9 — ADS low-index-contrast (LIC) and high-index-contrast (HIC).

Building blocks

Figure 10— Various chip layouts.

Tunning element: To model a tuning element, a slight deviation from the average effective index is induced,
which results in an additional tuning phase delay ¢. Shown in Table 1-b. Thermo-optic heating and stress-
optic refractive index actuators are the two most commonly used tuning elements.

Directional coupler: Directional couplers (DCs) are a type of coupler that consists of two optical waveguides
placed in close proximity to each other. The evanescent field of the mode allows light to be coupled, and
power is exchanged between the waveguides. The length of the DC determines the power splitting ratio.
Shown in Table 1-d.

Symmetric Mach-Zehnder Interferometer: The symmetric Mach-Zehnder interferometer (MZI) consists of
two DCs with assumed equal power coupling ratios k connected by two waveguides of equal length. One of
the waveguides can be phase-tuned by a tuning element. Due to the ability to change the power coupling of
the symmetric MZI by tuning the phase of the tuning element, it is a suitable candidate for a tuneable
coupling element. Shown in Table 1-f.

Asymmetric Mach-Zehnder Interferometer: The Asymmetric Mach-Zehnder Interferometer (aMZl) contains
a differential delay section (unlike the symmetric MZI) that makes its response frequency-dependent. The
bar and cross transfer functions of a directional coupler are complementary sine-shaped functions. From a
signal processing perspective, this device exhibits a discrete-time finite impulse response. Shown in Table

1-g.

Ring resonator (1 x 1): Due to the feedback mechanism, this device exhibits a discrete-time infinite
impulse response. The phase change over one FSR remains constant at 2r, however, the steepness of
the phase change transition near the resonance frequency can be adjusted by varying the power
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coupling coefficient k,.. The total loss of the device for power transmission scales in proportion to the group
delay and waveguide propagation loss. Additionally, in practice, the resonance frequency of the device can
be altered by modifying the additional roundtrip phase shift ¢, in the feedback loop. Shown in Table 1-h.

Ring resonator (2 x 2): Similar to MZIs, this device also has two power-complementary outputs and
demonstrates improved frequency selectivity due to its resonance mechanism. As a result, it is a well suited
candidate for the add-drop functionality in wavelength (frequency) multiplexed signals. Additionally, the
sharp passband-stopband transition is a useful property for various signal processing applications.

All the basic building blocks are summarised in Table 1.

Table 1 — Basic building blocks and their transfer functions (back scattering, common path lengths and non-linearities neglected).
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PZT Actuators

The most commonly used method for integrated actuation utilizes thermo-optic heating elements.
The temperature change generated by Joule heating in a metal strip leads to an increase in the
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refractive index of the waveguides located below it. The production of thermo-optic heating elements is
scalable because the metal heaters can be deposited using wafer-level processes. In addition, excess
waveguide losses are kept below 0.01 dB/cm since the actuators are located outside of the light propagation
area. Thermo-optic actuation has a major drawback, which is its high average power consumption of >300
mW and minimum actuation speed of >100 ps.

pms

Pt top electrode ;

Pt bottom electrode

15
1 g
0.5
2/ x
9 — Si,N, core H
057 5 3 — e 1=ADS 513N4

Figure 11 — Modelling of the stress-optic PZT actuation of the waveguide.

As an alternative, the usage of an efficient stress-optic refractive index actuator can improve power
consumption and switching speed for on-chip actuation. The piezoelectric material PbZr, Ti,_, 05 (PZT), with
its large piezoelectric coefficients d33¢ > 200 pm/V and ez 5 > 18 C/m?, is the key element to the stress-optic
effect.

The top-bottom configuration action scheme is shown in Figure 11, where an electric field is generated across
the PZT layer. This electric field produces a vertical displacement in the PZT, the surrounding material partially
limits this displacement, which is called ‘clamping’. As a result, a mechanical stress is generated in the
structure. The stress then propagates to the ADS waveguide structure, which generates a change in the
refractive index.

Figure 12-left shows the relationship between the voltage and the phase shift. An electrode length of 1 cm
resulted in a phase shift of up to 1.9m with an operating voltage of 40 V. This measurement suggests that a
21t phase shift can be achieved at 42 V.

The power consumption of the PZT actuator is determined by the voltage applied and the leakage current.
Despite being an insulator, PZT exhibits a small amount of leakage current in DC operation, with a current
density ranging from 0.01-0.1 pA/mm? at 40 V operation voltage. Consequently, the power consumption is
estimated to be between 0.1-1 uW for the electrode area of the bond pad, along with the typical actuation
electrode measuring 1 cm in length and 10 um in width. Additionally, as the PZT actuator is far away from
the waveguide, it induces a small excess loss of < 0.01 dB/cm.

Finally, the step response of the actuator is shown in Figure 12-right. This corresponds to a 1% order lineal
system with time constant t = 0.85 ps. The actuator's switching speed can be determined by observing when
it reaches 99% of its maximum value, which occurred at 4.25 ps.
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Figure 12 — Left: Voltage vs Phase Shift plot. Right: Step-response of a PZT actuator.

2.6 Feature Comparison

We now compare the technologies reviewed thus far, for the possible implementation core of the SDPtMP
node feeding the 6G fronthaul, along key attributes (see in the table below):

Optical Element Form Channel BW Port aggregation Thermal sensitivity
Factor
Multi-Cast Switch [ PIC, or |Split loss high, |Complete fiber No, one-to-one |No, when filterless.
discrete | requires amps |or filtered output. connection Yes, with tuneable
Hard to resolve filters

subcarriers

MxN Wavelength- |Free Medium Flexible BW, hard to |Yes Minimal, due to free-
Selective Switch space resolve at the space assembly.
subcarrier level

Cyclic Arrayed PIC Low Gaussian and sparse. | Yes Unless well athermal,
Waveguide Grating Hard to resolve at need PIC stabilization
the subcarrier level

due to phase errors.

Optical Interlacer |PIC Lossless Nyquist-shaped. Yes PIC stabilization or
Sharp filtering active interleavers
possible.

A decision on the most appropriate technology for placement at the SDPtMP should factor many
considerations. Here we focus on the physical properties of the optical elements under consider, although
other networking factors related to performance may yield different conclusions. The 6G fronthaul is
expected to be deployed in massive volumes and hence it is cost, power and space sensitive. We therefore
emphasize PIC implementations as a massively producible and scalable technology, while ruling out MxN
WSS. With today’s topology following PON distribution by a large factor splitter and booster amplifier
before, the MCS solution is a small evolutionary step which introduces the spatial diversity feed but still
requires the expensive optical amplifiers and the power budget is actually degraded by the addition of the
selector switch loss. We are then left with the two-wavelength filtering/routing solutions, the cyclic AWGR
and our new innovative element, the optical interlacer. We find the optical interlacer wins for its ability to
shape Nyquist filters that minimally impact performance and filter down to the subcarrier domain and
resolution. This entails designing specialized high resolution interleavers, which we discuss in the

next Section.
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3. Interleaver Design

The optical interleaver has a periodic response and two complementary outputs, such that an input spectrum
is separated to two equal halves, one appearing on one output port and the complementary on the second
output port. The interleaver’s power spectrum response ideally is identical on both ports, except for a half
period shift, resulting in an output spectrum as appears in

Figure 13. The passband is ideally flat, wide and close to unity, but since the complementary port will carry
the power not properly appearing in the passband, it will appear in the blockband as XT. Since we must keep
XT levels down at least by -20dB (or lower), this places strict limits on the allowed passband ripple.

| |
_FSR FSR
-FSR 5 0 5 FSR

Figure 13 — Interleaver frequency response, having two outputs (blue and magenta) that are identical, yet half-FSR shifted.

Considering the two complementary outputs of the interleaver and assuming there are no losses, the sum of
the two output powers must be one:

1G()I? + [H()|? =1

Where G(w) and H(w) are the interleaver’s bar and cross transfer functions, and w is the optical frequency
(in natural frequency, rad). We further can now impose that the two outputs are identical except for a
spectral shift of %4 FSR, which reduces the filter design to finding an appropriate output in one port that
satisfies:

) FSR\|?
G + |G (a) _ ZnT)

Such filters are called half-band filters, and the condition can also be expressed as:
G(2)G.(2) + G(—2)G,(—2)1 =

Where we adopt notation common in digital signal processing, where the complex variable z denotes the
filter delay unit and unique frequency extent, from which we find complex poles and zeros that impact its

stability and convergence. The frequency response of the filter can be found by substituting z = e/®, where

w are the optical frequencies within the range 2m (— %,%)_

From digital filter design theory, we know there are two types of filters, one having all zeros and finite impulse
response (FIR) defined by the number of delay units, and one possibly having poles and infinite impulse
response (lIR). We discuss both design options for interleaver filters.

3.1 Finite Impulse Response Interleavers

A finite impulse response has the general form of the summation of weighted delays and can be expressed
as:

N

G(z) = i b,z™™ = b, 1_[(1 —cpz™h)
n=0

n=1
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Figure 14 — Digital implementation of FIR filters. Top: Direct form. Bottom: Lattice form.
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Figure 15 — Optical implementation of lattice filters. Physical path delay AL is substituted for discrete-time sample delay and
directional couplers for the multipliers and adders.

Where the delay depth, N, denotes the filter order and b,, are the weights that are found by various design
means. The polynomial in z~1 terms can be represented also by its N roots, c,,, in analogous fashion. In the
digital domain, FIR filters can take on direct form, a tapped delay N-stage line with multipliers and adders
(Figure 14-top), or an alternative, yet identical, lattice form (Figure 14-bottom). The two forms are
functionally equivalent to one other, and the choice—in the digital domain—is determined by other factors
(number of multipliers, immunity to roundoff error, etc.). We utilize the DSP analogy as it can be shown that
the optical lattice implementation of an FIR filter (Figure 15) is remarkably similar to the digital FIR filter.
However, we must realize that digital filters that utilize multipliers and adders can offer gain, whereas passive
optical filters cannot offer gain and hence must preserve power between the two output ports
(complementary output power property, when lossless).

Our filters are defined by their power spectrum, and hence the filter design is based on its properties. We
can find the power spectrum by

1G(e/)|* = G(e7°)6" (/%) = G(2)G*(1/2")] - pjo
Substituting the FIR product form for the filter transform function, yields
N N
6@ =b| [a-ez . Gz =h] [a-an
n=1 n=1

where we assume by is real. We then find their product

N
G(2)G*(1/2") = b2 Hu — ez (1= ci2) = C(2)
n=1

which yields a new filter, C(2), defined by a power series of positive and negative terms ranging from z N to
N But we already know its roots or zeros, which are ¢, and that come in pairs symmetrically flipped about

the unit circle. The impact of such pairs of zeros is always reaI and positive, which is not surprising as the
power spectrum must be positive definite.

Thus, the filter design methodology reduces to finding an FIR filter that satisfies the half-band
characteristic, identifying its 2N zeros which come as pairs symmetric about the unit circle, and for
each pair select one of which to form the complex bar response, G(z). Of course, there are 2V
possibilities for choosing the zeros to form the filter and each will have an identical amplitude response
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yet different phase response. As an example, always choosing the zeros within the unit circle will result in
filters known as minimal phase response.

There are many methodologies for filter design, we mention two here: maximally flat filters and equi-ripple
filters. For the first, the condition to be satisfied is zeroing out N — 1 derivatives about the centre of the
passband. For the second the condition is formed to a Chebyshev root finding problem subject to constraints
on the allowed ripples. Sharper filters can be obtained for the equi-ripple response (Figure 16).
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Figure 16 — Power spectrum response of designed FIR filters of order 20 for maximally-flat design (left) and equi-ripple design (right).

3.2 Infinite Impulse Response Interleavers

RAMZI filters, or Ring-Assisted Mach-Zehnder Interferometers, or two-branch interference devices where a
ring resonator is coupled to each branch (see Figure 17). (Additional rings can be added for obtaining even
sharper filters, but these are more difficult to control). Additionally, one branch is longer than the other. The
ring resonator has a circumference of 2AL and the length difference between the arms is AL. The coupling

value to each ringis y = {/1 — p? and the phases of each ring ¢ can also be adjusted.

1 2AL

In, — Dot Out,
v f )‘| U
2}

In, — 50:50 — 50:50 ™ Out,

2AL % AL
Figure 17 — Optical implementation of a RAMZI filter, with two ring resonators (one on each path of the MZI). The MZI also encodes a
physical path delay AL, which is half that of the ring circumferences.

Before analysing the transfer function of the RAMZI filter, we can find the characteristics of its constituents,
the Mach-Zehnder interferometer and a ring-resonator coupled to a bus waveguide (see Figure 18):

P L

M~ 1O~ O
In, Hy(w) Out, In —— Out
Figure 18 — Left: Mach-Zehnder interferometer (MZl), with transfer functions applied on each arm. Right: Ring resonator couped to a
bus waveguide.

The Mach-Zehnder interferometer with spectral functions H;(w) and H,(w) on its two branches
yields a transfer function of:
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Out) _ 111 —j][H(w) 0 1 —jl(In,
e e U | e i | I [
_ 1{ (H1((1)) —Hz(w))”h —j(H1(0)) +H2((u))1n2 }
2 _j(H1(0)) + Hz(w))1n1 - (H1(0)) - Hz(w))lnz

The Ring-Resonator coupled to a bus waveguide via coupler with (p, x), which has ring circumference L and

a
hence transmission efficiency of a = e 2" and phase delay of 8 = SL (with an additional constant phase
delay ¢ to control resonance wavelength, yields a transfer function of:

p—a-exp(—j(BL + ¢)) i
1— pa-exp(—j(BL + ¢))

We can now define the transfer function of the two MZI branches, obtaining:

p1—a-exp <—j (ZFS# + ¢1)>

Out =

. (9) = 2 - 2md
1‘Pﬂ'“p(70ﬁﬁr+¢0>
(2219
) 219 P2 —a-exp <_]( FSR +¢2)>
Hy(9) = exp| —j (FS_R + airr

(2210
1‘%“fm<ﬂ07ﬁr+¢0>
where the FSR of the rings has been halved and a delay of one FSR and phase difference between the two

branches has been added to the transfer function of the second branch.

Setting p; = 0.2, p, = 0.7, ¢1 = ¢, = Pgisy = 7 and using a = 1 (no loss resonator) we obtain a sharp
interleaver response. To offset the interleaver by half a period, set ¢, = ¢, = 0 and ¢q;rr = /2.
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Figure 19 — Power spectrum response of designed IIR filters, RAMZI filter with two rings. Left and Right responses demonstrate the
ability to offset the interleaver response by % period, as required for the optical interlacer.
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4. SDPtMP Distribution Node

To enhance the capacity and flexibility of the 6G fronthaul, we propose placing the optical interlacer at the
core of the SDPtMP node, connecting the metro and access segments. The interlacer structure consists of a
two-stage network of two-input / two-output interleavers, with two interleavers per stage arranged in a
butterfly interconnection pattern. This enables the interlacing of Sub-Carrier Groups (SCGs) between the
spatial feeds and the fronthaul outputs, enabling the reach of target remote hubs (antenna units) from any
input port by electronic routing of data flows to target subcarriers which can be achieved faster than any
optical switching modality. The interconnected interleavers can be based on RAMZI structures or cascades
of asymmetric MZI, as discussed in Section 3.

Matching the interlacer’s response to switching SCGs originating from an XR DSCM optic signal (64 GHz wide,
having 16 DSCs of 4 GHz spacing), requires the interleaver’s periodic exchanges every 32 GHz between its
output ports. The interlacers must provide pass and block bands sufficiently wide and flat to support SCG of
3 contiguous DSC (being 12 GHz wide). The transition band therefore must occupy significantly less
bandwidth than a single DSC (4 GHz), falling onto the sacrificed SCG. The reason for the sharpness being finer
than a single DSC is to allow for extra margin for filter-signal spectral misalignment. When four different
DSCM signals at the same optical centre wavelength are presented at the four interleaver’s input ports, SCGs
are routed independently to the output ports without collision or blocking, implementing the routing across
the four DSCM input signals.
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Figure 20 — DSC group routing by the optical interlacer between the input ports (In-A to In-B) and output ports (Out-1 to Out-4). Three
WDM channels spaced at 80 GHz undergo similar interlacing.

As shown in Figure 20, the four input signals A-D are interlaced by the interleaver network, such that, at
outputs 1-4, there is a single SCG carrying three DSC from each input. Figure 20 also shows three consecutive
WDM channels (depicted in red, green and blue) with a channel spacing of 80 GHz. This spacing is designed
to align the interlacer with the next WDM channel (i.e., WDM channels fall on a bandwidth grid defined by
16 GHz or 64/4 GHz slices). Hence, a 16 GHz guard band is required between WDM channels to switch with
WSS in the metro ring using ROADM equipment, which is also in line with WSS spectral resolution. The 80
GHz WDM channel grid, together with the interlacer 64 GHz, suggests a 16 GHz shift for the association of
input (A-D) with output (1-4) per SCG at the centre carrier wavelength of the WDM channel. Since the
wavelength/SCG port routing is known a-priori, this is just a matter of bookkeeping in the control plane. The
sharp transitions of the interleaver are designed to fall within the bandwidth of a single DSC, which means
that at least one DSC must be sacrificed, as the data it contains will be filtered. Since each interleaver (or half-
band filter) contributes two transitions within a 64 GHz FSR (from pass-to-block and block-to-pass), and as
we cascade two interleaver stages with a % FSR offset, in sum we lose every 4" DSC out of the 16 DSC module
(64 GHz wide signal), leaving four SCG containing three DSC signals (occupying 12 GHz in total) following the
interlacing function. This device can route alternate DSCM signals from four different inputs to four outputs,
since it works as both a ROADM and an optical filter of the network. The interlacer operation is
dependent on the suitable selection of the interleaver elements employed within, as previously
discussed (Section 3).
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The interlacer exhibits wavelength-contentionless behaviour. To optimise channel utilization, it is
recommended to initially assign the same wavelength across all spatial inputs before introducing an
additional wavelength channel. This approach ensures that a shared edge receiver can simultaneously access
the four spatial channels via DSC mapping, effectively tripling upstream capacity compared to conventional
point-to-multipoint (PtMP) PONs (Although we quadruple the number of inputs we also sacrifice one of four
DSC, hence capacity is enhanced only by factor 3). The SDPtMP node interlaces SCGs from four spatial inputs
with minimal optical loss since the interlacer is inherently lossless and due to the utilization of the low-loss
SiN TriPleX PIC platform. In addition to supporting the routing of wavelength levels to cell sites -- through
active or passive mechanisms -- it employs DSCs as the primary unit of multiple access, unlike conventional
switching systems that operate at the wavelength level. This design enables transceivers on the CO and
network edge to dynamically reconfigure DSC allocations in real-time. The fronthaul network maintains the
mapping between the DSCs and cell sites, allowing a precise and adaptable bandwidth distribution. Through
electronic reconfiguration, nearly the full capacity of a single wavelength channel can be delivered to an
individual cell site, supporting subcarrier-level traffic shaping and dynamic capacity throttling. Once a
wavelength channel reaches full utilization, a new WDM channel can be rapidly provisioned throughout the
fronthaul to ensure ongoing scalability and service continuity.

We present two cases in which the powered SDPtMP node is used to reprogram the interlacer, allowing it to
bypass one of the four constituent interleavers, as depicted in the first or second stage (Figure 21, top and
bottom, respectively). It is worth mentioning that there are other interleaver bypass options, and we show
these two by example. When the second-stage interleaver is bypassed, then its input DSCs are not
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Figure 21 — Reconfigurability of the SDPtMP interlacer, by bypassing interleaver stages: (top) Second-stage interleaver disabled, and
(bottom) First-stage interleaver disabled.
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interleaved, leaving its two outputs with SCGs originating from two distinct input ports. However, two SCGs
appear for each input, doubling the capacity routed from the input ports to said output ports. Moreover,
since one filtering operation has been scrapped, the individual guard band DSC that would have been
forfeited to make room for channel transitions can be used again. This adds two DSCs, or additional capacity,
that can be activated (these individual DSCs are marked in bright yellow in Figure 21). When the first-stage
interleaver is bypassed, then, as before, its input DSC are not interleaved. The impact of bypassing the first-
stage interleaver is now apparent in each of the four outputs, which have DSCs coming from only three inputs.
Furthermore, the two inputs that have not been interleaved are only divided into two sets of two SCGs that
appear on the output ports, meaning that we can again turn on two additional DSCs (transmitting now 13
out of 16 DSCs per output) from those two inputs that bypass the first-stage interleaver.

The ability to bypass internal interleavers within the SDPtMP provides another degree of freedom in SCG
routing of the DSCM input signals. Since the interleaver processes all wavelengths simultaneously using
circular mapping, this decision affects all WDM channels that traverse it. Recall, however, that since there is
a unique SCG mapping per WDM channel (due to the % cycle or 16 GHz guard band), then each WDM channel
would have different targeting of the broadened SCG and additional capacity of the reutilized guard band
DSC, which is an additional degree of freedom that can be used to assign different capacity per remote unit.
The interlacer PIC, managed via internal phase modulators and custom control software, may exhibit
polarization dependence due to waveguide birefringence. If this compromises performance within the
SDPtMP node, a polarization-diverse architecture—using splitters, combiners, and dual interlacers for each
polarization—will be adopted. This solution introduces minimal loss and remains transparent to the SDPtMP
node. Furthermore, dynamically enabling or disabling interleavers in the mesh offers additional routing
flexibility between the CO and edge cell sites.
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5. Conclusion

The integration of the optical interlacer at the core of the SDPtMP distribution node represents a significant
advancement toward scalable and flexible 6G fronthaul networks. Leveraging a two-stage interleaver
network—engineered to support precise SCG routing and wavelength-contentionless operation—the
proposed architecture efficiently interlaces multiple spatial channels, maximizes upstream capacity, and
enables real-time, fine-grained bandwidth allocation. The ability to dynamically bypass constituent
interleavers within the SDPtMP node further enhances routing flexibility, allowing for tailored capacity
distribution and the reutilization of guard band subcarriers to meet varying traffic demands at remote hubs.

This novel approach, underpinned by the low-loss SiN TriPleX photonic integrated circuit platform, ensures
minimal optical loss and supports dynamic reconfiguration through electronic control. By shifting the primary
unit of multiple access from the wavelength to the subcarrier level, the design enables unprecedented
adaptability, supporting near-instantaneous provisioning of DSC channels to cell sites. Such flexibility is
critical for accommodating the rapidly evolving requirements of next-generation wireless networks, ensuring
both scalability and service continuity. As demonstrated, the SDPtMP node can not only triple capacity
compared to conventional PtMP PON systems but also offer additional degrees of freedom for traffic
engineering and dynamic resource allocation.

Alternative known switching/routing elements reviewed in this deliverable, cannot offer the functionality,
efficiency, and compactness of the new optical interlacer. Overall, the presented SDPtMP interlacer
architecture paves the way for agile, high-capacity optical fronthaul infrastructure.
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