0733-8724 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution re

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2021.3131130, Journal of

Lightwave Technology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

Lossless 1x4 Silicon Photonic ROADM based
on a Monolithic Integrated Erbium Doped
Waveguide Amplifier on a Si3N4 platform

C. Vagionas, A. Tsakyridis, T. Chrysostomidis, I. Roumpos, K. Fotiadis, A. Manolis, J. Mu, M.
Dijkstra, S.M. Garcia Blanco, R. M. Oldenbeuving, P. W. L. van Dijk, C. G.H. Roeloffzen, K.
Vyrsokinos, N. Pleros, T. Alexoudi

(Top scored)

Abstract— During the past years, incorporating Optical Circuit
Switches (OCS) in high-bandwidth optical interconnects has
outlined the critical challenges of achieving ultra-low fiber-to-fiber
losses (FtF) and constantly decreasing costs for Photonic
Integrated Circuits (PICs). This work aims to simultaneously
satisfy both the low-loss and low-cost requirements by bringing
two of the most successful example-technologies in the history of
optics, i.e. EDFAs and ROADMs to a common Si3N4 platform. In
particular, the proof-of-concept operation of a lossless four-port
Silicon Photonic (SiPho) ROADM is experimentally presented for
the first time based on two PIC prototypes on a SizN4 platform,
including a monolithic-integrated 5.9 cm-long spiral ALOs3:Er’*
Erbium Doped Waveguide Amplifier (EDWA) with 15 dB signal
enhancement capabilities and a lattice MZI-interleaver ROAM
layout with 100 GHz channel spacing. Considering an ultra-low
2.55 dB FtF loss of the ROADM along with 0.5 dB loss for each of
the two coupling-interfaces between the SisNs and ALO3:Er*
waveguide layers, a cumulative loss of 3.55 dB is obtained, which
can be compensated by the 3.6 dB net gain provided by the EDWA
to four incoming WDM signals of -1.7 dBm/channel. Lossless
wavelength-routing operation is validated at up to 240 Gb/s WDM
(4, x 60Gb/s) data traffic, while the cascadability of the proposed
device is benchmarked in a realistic two-stage optical bus topology
with 10 km single mode fiber that selectively routes 4\ x 25Gb/s
WDM data channels to any of its eight Drop output ports. This
work forms the first demonstration of lossless ROADM operation
exclusively on SiPho technology, highlighting a promising
roadmap for large scale SiPho switching matrices and more
complex PICs co-integrated with EDWAs.

Index Terms—Optical Switching, ROADM, Silicon Photonics,
Optical Amplifiers, Optical Networks, Wavelength Routing

I. INTRODUCTION

HE rise of cloud-based applications during the last decade
comes along with a growing demand for high bandwidth
interconnectivity at Data Centers (DCs) and Metro-Access [1],
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expected to continue to grow in the forthcoming era of the
Internet of Things (IoT) and 5G [2]. Meanwhile, optical
line rates are scaling beyond 100 Gb/s/A [3], constantly pushing
for more efficient optical routing and switching functionalities
[4]. To date, fiber-optical networks rely mostly on Wavelength
Division Multiplexing (WDM) techniques for transmitting
multiple channels across a long distance [1], while Erbium
Doped Fiber Amplifiers (EDFAs) form the most dominant
amplification technology featuring long-validated high-gain,
high-linearity, low-noise aspects and applications ranging from
short reach and metro to ultralong-haul links [5].

In WDM optical networks, Reconfigurable Optical Add
Drop Multiplexers (ROADMs) realize wavelength-selective
cross-connect (WXC) functionality with dynamic light path
reconfiguration [6]. Allowing to Add, Drop or pass-Through
any specific wavelength of a WDM stream transparently and
independently of the linerate, ROADMs and Optical Circuit
Switches (OCSs) can handle the scaling of optical linerates
without any additional power-consumption [10], as opposed to
electronics switches, which sacrifice energy-consumption for
higher speed. Hence, photonic switching started to penetrate
various network segments, including DCs environments [8][9],
transport [10][11] and 5G fronthaul [12]-[15], bringing
dynamic network provisioning at reduced size or cost.

Nevertheless, incorporating OCSs and ROADMSs in the
network has outlined two of the most critical challenges, i.e., to
maintain ultra-low Fiber-to-Fiber (FtF) losses and constantly
decreasing costs, in order to simultaneously meet the scalability
requirement to high-port counts or multi-stage operation
[16]-[18] while being in-line with electronic-photonic
integration roadmaps for cost-effective optical interconnects
[19][20]. Traditionally, OCSs and ROADMs deploy Micro-
electro Mechanical Systems (MEMs) or piezoelectric actuators
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that assemble discrete components with free-space alignment
schemes. On the other hand, advanced CMOS industry, relying
on mature integration processes, has stimulated a rapid growth
of the Silicon Photonics (SiPho) ecosystem, including SiPho
switches, bearing promises for a cost-effective solution with
large integrability [4]-[8]. Yet, SiPho switches need to
overcome the high fiber-to-fiber insertion and propagation
losses, typically above >10dB even for small port-counts
[4],[8]-[17], while accumulating to prohibitively high values
when cascading multiple stages.

Towards scalable photonic switching and wavelength routing
functionalities, optical amplification elements need to be
integrated with the switching matrix. Owing to the direct
bandgap and inherent stimulated emission of III-V materials,
early prototypes of lossless OCSs were integrating several
Semiconductor Optical Amplifiers (SOAs) in 4x4 [21], 8x8
[22] and 16x16 [18] layouts on InP platform for nearly two
decades and are more recently proposed as Add/Drop switches
in Metro networks with channel-rates up to 40 Gb/s [24][25].
Towards bridging the gain-properties of I1I-V materials with
the large-integrability and cost-benefits of SiPho, arrays of
SOAs can be hybridly-integrated next to SiPho switching
matrices for DCs, demonstrating 4x4 [26] and 8x8 port counts
[71[27][28] with up to 33 Gbd channel-rates. Yet, hybrid-
integration requires challenging assembly processes to align
and bond dies of two different waveguide platforms, resulting
in increased complexity and lower device yield [8],[29]-[32],
while most importantly SOAs induce non-linear distortions and
inter-channel cross-talk between multiple WDM data-streams,
which may severely degrade the signal quality [7], the input
dynamic range [27] and multiple channel-operation [33].

Erbium Doped Waveguide Amplifiers (EDWAs) and rare
earth materials have made significant progress during the last
decade [34]-[38]. Monolithically integrating aluminum oxide
as host platform on top of SiPho waveguides, profound EDWA
prototypes have unraveled broadband optical amplification
across 70 nm spectrum, gain values up to 18 dB, as well as large
dynamic range of more than 20 dB [35]. Yet, still these
tremendous benchmarks have been validated mostly in single-
channel transmission at data rates up to 170 Gb/s [38], thus not
being deployed so far in larger circuitries that could pave the
way for lossless, monolithic SiPho switching matrices.

The current work envisions bridging this gap by presenting
for the first time a lossless ROADM-node architecture built
exclusively on a Si3Ns platform. The proposed ROADM
comprises a 5.9cm-long spiral ALO;:Er’* EDWA
monolithically integrated on top of a SisN4 waveguide followed
by a 1x4 Mach Zehnder Interferometer (MZI)-based ROADM
configuration-layout with 100 GHz channel spacing. The proof
of concept operation relies on two Photonic Integrated Circuit
(PIC) components both fabricated on a common low-loss SizN4
platform yet separately fabricated. Initially the two PICs are
characterized, revealing a 3 dB channel-bandwidth of around
0.6 nm for the ROADM within a 2.55 dB FtF loss-budget in the
1550 nm region, which is compensated by the on-chip net-gain
provided by the EDWA. Proof-of-principle lossless ROADM
operation is verified at up to 240 Gb/s WDM capacity,
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successfully routing 4\ x 60 Gb/s channels to its four Drop
ports. Bit Error Rate (BER) measurements confirm successful
operation at 25 Gb/s with 1.9 dB average penalty. The
performance of the proposed ROADM architecture is also
benchmarked in a two-stage optical bus with 4x25 Gb/s WDM
traffic, comprising the proposed SizNs EDWA-ROADM and a
second SizN4s~-ROADM spaced by 10 km of fiber, selectively
dropping two wavelengths at the first stage and the other two
wavelengths at the second stage with a spectral suppression
ratio higher than 12 dB between the desired channel and any
other channel. To the authors’ knowledge, this is the first all-
silicon lossless ROADM operation, paving a roadmap for
monolithically co-integrating EDWAs and MZI-switches on
the same Si3N4 platform for scalable switching matrices.

The paper organized as follows: Part II describes the design
and characterization of the ROADM and EDWA PICs, Part 111
presents the 4x25 Gb/s WDM routing across a 10 km two-stage
bus, Part IV covers 60 Gb/s operation prior to the conclusions.

II. PHOTONIC INTEGRATED CIRCUITS

Co-integrating EDWAs and ROADMs on a SiPho platform can
potentially realize a lossless, monolithically integrated switch.
A schematic illustration of an envisioned lossless ring network
is shown in Fig. 1, including EDWA-based pre-amplification
and 1x4 wavelength routing, replacing the bulky yet widely-
used EDFA and MEMS-based components. The PIC prototypes
developed are coupled together externally through fiber-
patchcords for this proof-of-principle, and are here initially
described and characterized in this section.

A. Low Loss SisNy ROADM

The ROADM relies on a Si3N4/SiO; TriPleX platform with
low losses below 0.1 dB/cm [39]. The chip layout adopts a
configuration of a nested MZlI-interleaver with two cascaded
interleavers per arm, as shown in Fig. 2(a), for a total of six
dual-MZI components. Each of the six interleavers relies on the
same generic configuration of a dual cascaded asymmetric MZI
lattice-filter as shown in Fig. 2(b), where the first MZI-stage
has double (2AL) the differential waveguide path-length of the
first MZI stage (AL), which finally determines its Free Spectral
Range (FSR). For an FSR of 200 GHz (grey-colored MZIs), the
short differential waveguide path-length, AL, of the first MZI
stage is AL;=872.1 um, while for an FSR of 400 GHz (the
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Fig. 1. Schematic of a WDM ring network of three lossless ROADMSs monolithically
co-integrating an Erbium Doped Waveguide Amplifier (EDWA) on Si;Ny.
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orange-colored MZIs) a path-length of AL,=436 um is used.
Tunable thermo-optic couplers allow to accurately define the
splitting ratio between the branches of each MZI, which are
indicated with the ki, k2 and k3 coefficients, and fine-tune the
shape of the filter spectral response. Two Phase Shifters, PS/
and PS2, are placed inside the arms of the two MZlIs, to allow
adjusting the wavelength-positions of the maximum and
minimum signal-interference of the filter, so as to drop or pass
through the desired wavelength at the ROADM output ports.

The current layout-design supports adding or dropping four
wavelengths in the C-band, as described with the colored
arrows in Fig. 2(a). Four wavelengths spaced by 100 GHz of an
incoming 4A-WDM stream are initially divided into pairs of odd
(blue A; and black A3) and even (red A, and green A\4)
wavelengths by the first grey-colored MZIs with 200 GHz FSR,
that propagate to the upper and lower arms of the ROADM. The
wavelength pairs are further subdivided at each separate
wavelength by the nested orange-colored MZIs with an FSR of
400 GHz. The designed transfer function of the dual-MZI
interleaver is shown at the left and right inset of Fig. 2(b),
corresponding to AL; =872.1 um and AL,=436 um for a
differential waveguide path-length at the first MZI-stage of the
orange- and grey-colored MZIs respectively. Consequently,
each of the four 100 GHz spaced WDM channels can be finally
routed at a separate drop output port or propagate to the
Through port. Each MZI filter was designed targeting flat-top
pass-band response [13], while the fabricated PIC is assembled
on an electro-optic PCB with Temperature Control (TEC) and
housed in a bench-top solution, as shown in in Fig. 2(c).

Initially, we identified the optimal operational settings of
ROADM to configure a routing state with all four wavelengths
being dropped at its four outputs and characterized its spectral
response and channel bandwidths. For this purpose, the input
port of ROADM was powered by the Amplified Spontaneous
Emission (ASE) noise of an EDFA, while capturing the
spectrum at an Optical Spectrum Analyzer (OSA). The four
captured spectra being color-coded according to the previous
description and overlapped together are plotted in Fig. 2(e),
achieved for coupling coefficients of £/=0.9248, k2=0.280 and
k3 = 0.500. The output spectra exhibit a 3-dB channel
bandwidth of 0.66 nm and a static crosstalk lower than -18 dB.
Having configured properly the routing state, we characterized
its FtF loss by centering the Continuous Wavelength (CW) of a
Tunable Laser Source (TLS) at the peak-center of each channel
and measuring its optical output power. The average FtF losses
between three of the Drop output ports, namely Drop 2-4, were
measured to be 2.55 dB, while Drop 1 featured some additional
loss due to non-ideal patch-cord at the fiber-array. The FtF loss
is further attributed to 0.6 dB propagation loss for the longest
on-chip path of 58.2 mm and 0.975 dB/facet coupling loss for
each of the fiber-to-SizNy interface.

B. Monolithic Integrated EDWA

Fig. 3(a) depicts a schematic of the EDWA, comprising an
ALOs:Er*" active region in a spiral waveguide and input and
output Si3Ny passive waveguides, marked with brown and blue
color respectively. The SisN4 waveguide layer was designed to
host two fiber-to-Si3N4 coupling waveguides for the signal and
pump wavelengths followed by an on-chip MMI for
multiplexing purposes, which was not however used in our
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Fig. 2. (a) Circuit layout of the Si;Ny ROADM based on nested MZI interleavers, (b)
design of the generic dual MZI filter and its transfer function for a differential length of
AL=872.1 pm (left inset) and AL,=436 pm (right inset) used in the orange- and grey-
colored MZISs respectively, (c) photos of the packaged device, (d) microscope image and
(e) transfer function of the four drop ports of the ROADM

experiment, as will be described later in the text, and an
adiabatic coupler for coupling the light to the Al,Os:Er’* layer.
After the spiral waveguide amplifier similar components are
placed symmetrically.

The EDWA chip was fabricated following the process
described in [35], using low-pressure chemical vapor
deposition (LPCVD) of a 200 nm thick SisN4 layer, patterned
to a 1.4 um width using i-line contact lithography, followed by
Reactive Ton Etching (RIE) to produce a 1.4 umx200 nm
waveguide core with measured propagation losses of
0.12 dB/cm at 1550 nm [36]. A SiO, film was deposited above
the Si3Ng layer by LPCVD, followed by ALOs:Er’* layer
deposition with 800 nm thickness by RF reactive co-sputtering
and a targeted Er** concentration of 1.7x10%° cm™. The ALO;
waveguides were then patterned by i-line lithography and
etched using RIE [35], forming a cross-section of
1.4 pmx800 nm.

The EDWA was initially characterized in pump-probe
measurements at a probe-station to test its signal-enhancement
capabilities, transmitting four wavelengths with the pump-light
on and off. Initially a fiber array was employed to separately
couple the signal and pump light at the respective ports of the
EDWA PIC, using diphenyl ether index matching gel to
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minimize the fiber-coupling losses. However, due to
evaporation of the gel, there were instabilities in the probe- a)
station setup resulting in temporal misalignments of the fiber Q;li?a‘{
array to the signal and pump ports of the EDWA. For this
reason, the signal and pump lights were optically multiplexed
externally using a fiber-pigtailed WDM coupler, before being
simultaneously launched through a Polarization Maintaining P
(PM) fiber with FC/PC connector via butt-coupling at the pump ~ S/gnal+Pump
port only, and without performing any multiplexing at the on- b) ALO,:Er”

chip MMI. The test setup and a microscope image of the
pumped Al,O;:Er** spiral waveguide are depicted in Fig. 3(b),
showing the characteristic green light emission of the active
region generated by the excited erbium ions. An SEM image of
the tapered tip of the adiabatic coupler is shown at the inset. The
estimated losses of the two input/output interfaces for coupling
the signal in the C-band and pump light at 980 nm were 10 dB
and 12 dB respectively. The MMI losses for the signal light
were calculated around 1.7 dB for signal port and 8.3 for the
pump port in the C-band. The adiabatic coupler exhibited
0.5 dB losses per transition between the ALO5:Er** and Si3Na.
The design and fabrication of the components are described in
more detail in [35]-[37].

In this experiment, four C-band signals generated by four
TLSs were optically multiplexed and coupled externally
together with the 980 nm pump light using a 1550 nm/980 nm
WDM coupler, before being simultaneously launched through
a single fiber-tip at the pump port of the EDWA. The overall
coupling from the single fiber-tip to the active region of the
EDWA added up to an estimated aggregate signal loss of
18.8 dB, while the output signal was collected from the signal
port with 12.2 dB aggregate losses from the EDWA active
region to the fiber. For the pump-probe characterization, the
optical power level of the 4A-WDM signals was tuned across a
dynamic range of 15 dB, from -3 dBm up to 12 dBm measured
at the fiber tip, allowing to monitor a light- and heavily-
saturated EDWA-gain condition, while the 980 nm pump
featured an average power of 24.7 dBm. The output of the
EDWA was captured at an OSA, to evaluate the signal
enhancement in the WDM transmission with the 980 nm pump
light on and off.

Figure 3(c) shows the recorded spectra of four wavelengths,
when the pump light was On and Off, marked with red and
black color respectively, overlapped for comparison purposes.
Four distinct cases of incident input signal power levels of -
3 dBm, 2 dBm, 7 dBm and 12 dBm are shown. As it can be seen
in the upper left spectrum, for a -3 dBm input power in the light
saturation regime, all four red-plotted signals (i.e., pump on) are
enhanced by 15 dB on average compared to the four black-
colored signals (i.e., pump off). Equivalently, for the heavily
saturated gain regime at the lower left spectrum for a 12 dBm
incident input signal power, the signals in the red plot of the
spectrum (i.e., pump on) are enhanced by 5.7 dB on average
compared to the black plot of the spectrum (i.e., pump off).
Although for the four cases, the signal enhancement at the
signal peaks were 15dB, 13.16dB, 9.27dB and 5.7 dB
respectively, the baseline of the optical spectrum exhibit
differences of 4.22 dB, 4.03 dB, 3.05 dB and 2.54 dB between
the red- and the black-plots, as marked in Fig. 3(c), which refer
to the ASE noise generated by the EDWA. When the pump is
On (red-plots) with an average incident signal power of
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Fig. 3 (a). Schematic of the ALO;:Er*" waveguide with Signal and Pump inputs at left
facet, followed by the Mux MM, the adiabatic coupler and the Al,O; waveguide, with
the adiabatic taper shown at the inset, (b) characterization setup and microscope image of
the EDWA when powered by pump light and SEM image of the tapered coupling region,
(c) Optical spectra of the signal enhancement at the peaks of the of 4.-WDM channels
with total input power of -3 dBm up to 12 dBm during pump on (red plot) and pump oft
(black plot), values of the amplified spontaneous emission (ASE) background indicated
at the baseline, (d) Plot of the Signal Enhancement (SE) versus transmitted optical power.
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24.7 dBm, the spectra of the ASE power equals to that of the
background, being constantly equal to -68 dBm. A more
detailed characterization of the EDWA ASE noise at different
power-levels of the pump light can be found in [35].

The curve of the average signal enhancement versus the
transmitted power is plotted in Fig.3(d). As expected, the values
reveal greater signal enhancement for lower signal input powers
with less saturation of the gain. By adjusting the input signal to
even lower power levels or tuning the signal wavelengths closer
to the 1530 nm region, the EDWA inherently provides greater
amplification values and signal enhancement up to 30 dB could
easily be recorded [35]. However, the current work focuses at
1550 nm wavelength region, where an incident signal power of
4.3 dBm experienced a signal enhancement of 11.8 dB, as can
be seen in the plot of Fig. 3(d). Yet, the estimation of the net-
gain has to be based on the actual signal output power, minus
the input signal power of the EDWA PIC, minus the coupling
loss from the fiber till the AL,Os:Er’* active region both at the
input as well as the output sides of the amplifier. As the signal
absorption plus propagation losses at 1550 nm were measured
as 1.4 dB/cm for the utilized level of input signal, a measured
EDWA net-gain of 3.6 dB, corresponding to 0.6 dB/cm gain,
was obtained for the current setup.

Although gain-amplification values greater than 1.4 dB/cm
and up to 18 dB net-gain have been experimentally measured in
previous evaluations of similar AlLOs:Er’* EDWAs, the
obtained 3.6 dB net-gain is sufficient for our proof-of-concept
demonstration of a lossless SisNs ROADM. In case of a single
EDWA-ROADM device that would monothically integrate
both the EDWA and the ROADM in one PIC, this net-gain
would suffice to compensate the 2.55 dB FtF losses of the
ROADM, including 1.95dB for the two fiber-to-SizN4
interfaces (0.975 dB/facet) and 0.6 dB on-chip propagation
losses, as well as the additional 1 dB loss for the two SizNy-to-
EDWA adiabatic couplers. Yet, the overall net-losses of the
EDWA PIC itself were -27.4 dB.

III. LoSSLESS ROADM wiTH 240 GB/S WDM CAPACITY

In this section, the two PICs are combined in a proof-of-concept
demonstration of the lossless wavelength-routing of a 4, WDM
data stream with up to 240 Gb/s traffic-capacity.

A. Experimental Setup and Power Budget estimation

The complete experimental setup used for the evaluation of the
proposed concept is shown in Fig. 4(a). Four DFB laser sources
tunable in the C-band were used to generate four CW signals
with 100 GHz channel spacing, centered at A1-A4 wavelength
of 1549.6 nm, 1550.4 nm, 1551.2 nm and 1552 nm, marked
with blue, red, black and green color. The four CWs were
optically multiplexed by an Arrayed Waveguide Grating
(AWG) multiplexer, whose output was propagated to an EDFA
and LiNbO3; MZI for modulation, generating four data streams
of -1.7dBm per channel and aggregate optical power of
4.3 dBm. Tuning of the power levels was controlled by a
Variable Optical Attenuator (VOA). The operation of the
LiNbO; modulator was driven by a 2’-1 Pseudo Random Bit
Sequence (PRBS) that was generated by the electrically
amplified output of a 25 Gb/s programmable Pulse Pattern
Generator (PPG). This allowed imprinting the PRBS data-
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Fig. 4 a) Experimental setup used for the lossless wavelength-routing at 4x25 Gbys,
4x50 Gb/s and 4x60 Gb/s, DFB: Distributed Feedback Grating, PC: Polarization
Controller , PM: Polarization Maintaining fiber, OBPF: Optical Bandpass Filer, A1-A4:
1549.6 nm, 15504 nm, 1551.2 nm, 1552 nm. b) Eye diagrams for the input and four
Drop output signals at 4x25 Gb/s, ¢) 4x50 Gb/s and d) 4x60 Gb/s, and ¢) Bit Error Rate
(BER) curves of the four 25 Gb/s Drop signals and Back-to-Back configuration.

pattern on the 41 CWs, to generate a WDM data-traffic with
aggregate throughput of 100 Gb/s (4%25Gb/s).

Following the generation of the signals, the WDM data-
stream was transmitted through a few hundred meters of Single
Mode Fiber (SMF) to partially de-correlate the data-patterns,
before being fed to the C-band input port of a WDM
(1550/980 nm) fiber coupler. The other port of the WDM
coupler was connected to a pump light obtained by a DFB laser
emitting in the 980 nm region, combining the 4A-WDM data
stream with the pump light. The output of the WDM coupler
was in-turn connected at a PM fiber for simultaneous pump and
signal transmission to the EDWA through its input pump port
using butt-coupling scheme. The PM was attached to a micro-
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positioner, to launch the signals to the EDWA PIC, that was
placed on the vacuum chuck of the chip-characterization stage.
This setup with one PM coupled to the pump port was used
instead of one array of two fibers coupled separately to the
signal and the pump port, as it proved more stable for longer
experimental time. Polarization Controllers (PCs) were used to
handle the polarization of the signals.

The emitted output of the EDWA was collected by the signal
output port at the right facet, using another fiber probe-tip
placed at a second micro-positioning alignment stage. The 4A-
WDM output data signals, after being amplified by the EDWA
were propagated to the fiber-pigtails of packaged SizNs
ROADM. Upon entering the ROADM through its input port,
the data traffic got demultiplexed to its four individual
wavelengths through the cascaded wavelength-filtering
operation of the dual-MZIs with 100 GHz spacing. Each of the
demultiplexed wavelength-channels appeared at one of the four
Drop output ports, and after filtering of any remaining pump or
ASE noise, were measured in terms of optical power to evaluate
the link power-budget before being driven to the evaluation
stage for monitoring purposes.

Using the above setup, we initially measured the received
optical power reaching the evaluation stage for each of the
wavelength-channels, after being propagated through the
EDWA and demultiplexed by the ROADM, using a power
meter. By transmitting all four wavelengths witha-1.7 dBm per
channel, the average optical power of the signals appearing at
the Drop output ports 2-4 was -32.5 dBm per channel. The
measurements reveal an end-to-end power budget of 30.8 dB,
stemming from the 27.4 dB net-loss by the EDWA PIC,
2.55 dB by the FtF ROADM loss and the rest attributed to the
fiber patch-cord interconnecting the two PICs. Although the use
of two discrete PICs degraded the power budget of this setup,
excluding the high passive coupling losses of 30 dB by the
EDWA PIC (i.e., 18.3 dB for fiber-to-SizN4 and 11.7 dB for the
Si3zNs—to-fiber), which can be drastically reduced by utilizing
fiber-to-waveguide mode converters at the input and output
ports of the device, and the 0.8 dB by the EDWA-ROADM
inter-connecting patch-cord, lossless operation was achieved.
In case of a fully integrated EDWA-ROADM on a single Si3Ny4
PIC, lossless operation would require an optical power
of -20.975 dBm per channel, i.e. -1.7 dBm measured channel
power minus 18.3 dB and 0.975 dB of the coupling stages, to
achieve equivalent EDWA gain regime.

B. Lossless wavelength routing of 240 Gb/s data traffic

Having appropriately configured the EDWA gain and the
ROADM state, several data transmission experiments were
performed, to validate the capability of the proposed device to
route high capacity WDM data traffic. In particular, three
transmission scenarios at 4x25 Gb/s, 4x50 Gb/s and 4x60 Gb/s
data traffic were performed, resulting in an aggregate WDM
traffic of 100 Gb/s, 200 Gb/s and 240 Gb/s. When performing
data transmissions through the developed setup, the transmitted
optical signal was set at -1.7 dBm per channel. At the final
evaluation stage, additional EDFA and Optical Bandpass Filter
(OBPF) had to be employed, to increase the signal-power, in
order to be detected at a photoreceiver for o/e conversion and
be captured at an Optical Sampling Scope (OSC) and Bit Error

es IEEE permission. See http://www.ieee.org/publications_standards/

Pump [ mw%fm%%_ﬂ
a) WDM Tx 980 nm * '

Td |

+5

4] 5 VOAPC

i L =

.‘. ==,

00 AA, AN, <>
X —

Evaluation Stage
OSC/BERT PD OBPF

BtB 1549.6nm

BtB 1550,4nm

BtB 1551.2nm

BtB 1552nm

1549.6 nm (2" stage)

1550.4 nm (1! stage)
1551.2 nm (2" stage)
'
bW 1552.0 nm (1°' stage)

i 3 gomme ! 1 3
2 -1 0 1 2 3 4 5 6
Received Optical Power (dBm)

evaAedren

BER
=
IS

Fig. 5 a) Experimental setup of a two-stage bus, including an EDWA ROADM node
and a second ROADM spaced by 10 km fiber with experimental results for A2 and A4
dropped at the 1% stage and A1 and A3 dropped at the 2™ stage, b) output spectra and c)
eye diagrams for each Drop signal output and d) Bit Error Rate (BER) measurements
for the four signals.

Rate (BER) testing equipment.

The eye diagrams of the input signal and the four Drop output
signals for the 4x25 Gb/s, 4x50 Gb/s and 4x60 Gb/s are shown
in Fig. 4(b), (c) and (d). The measurements reveal that all four
wavelengths were successfully demultiplexed by the ROADM,
achieving open eye diagrams for all output signals. For the
25 Gb/s linerate, an Extinction Ratio (ER) of around 10.1 dB
was recorded and an Amplitude Modulation (AM) of less than
0.9 dB with no serious degradation compared to the input
signal. On the other hand, higher data rates of 50 Gb/s and
60 Gb/s also passed through the ROADM. Despite the some
small filtering effect being observed, the ER of the received
signal was still measured to be greater than 4.5 dB for all cases.

Finally, the performance of the proposed lossless ROADM
was benchmarked using BER measurements for the 4x25 Gb/s
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operational setup. All four wavelength channels were evaluated
either at the Drop output ports or in Back-to-Back (BtB)
configuration at the input of the EDWA. The BER curves have
been plotted in Fig. 4(e). Error free operation at the 107
operating condition was achieved for all wavelength channels
with an average BER penalty of 1.8 dB. Despite some
variations in the slopes of the BER curves of the WDM
channels, attributed to the drifting of the modulator bias,
cascaded ASE noises and slightly different transfer functions of
the ROADM channels during the measurements, the worst BER
penalty recorded was less than 2.4 dB for Drop 3.

IV. Two STAGE OPTICAL BUS INCLUDING TWO ROADMS

The performance of the envisioned ROADM node was also
benchmarked a realistic two stage optical bus topology, using
the experimental setup shown in Fig. 5(a). Specifically, the
previous setup with an EDWA placed before the ROADM was
further extended with the introduction of a 10 km SMF, the
output of which is connected to a second SisNs ROADM
without EDWA. The lossless condition was maintained only for
the first stage, owing to the presence of one EDWA PIC, while
the main target was to evaluate the capability to route high-
bandwidth signals in longer distance transmissions setups and
cascaded operation. The setup hosts four reconfigurable non-
dispersion compensated optical links, which can be selectively
dropped at the output ports of the first ROADM stage or at the
second ROADM at a linerate of 25 Gb/s.

The two ROADMs were properly configured to route two
wavelengths, namely A2 and A4, at the first stage, and the
remaining two wavelengths A1 and A3 to the second ROADM
stage, where they were dropped to the respective ports 1 and 3,
as shown in Fig.5(a). The performance of the two stage
configuration in routing the 4A-WDM traffic was evaluated by
capturing all output spectra at an OSA, which are shown in
Fig. 5(b). As it can be seen in the four spectra recorded at Drop
2 and 4 of the first stage and Drop 1 and 3 of the second stage,
a spectral suppression ratio of 18 dB, 15 dB, 12 dB and 22 dB
was achieved when demultiplexing each channel.

In order to further validate the performance of the two stage
optical bus, data transmissions and BER measurements were
performed, recording the eye diagrams at the four Drop ports.
The eye diagrams are shown in Fig. 5(c), being wide open with
equivalent high ER as in the previous section for A2 and A4
signals of the first stage. On the other hand, A1 and A3 also
exhibited open eye diagrams, featuring a Gaussian-shaped
profile, owing to the impact of chromatic dispersion of the
10 km long fiber. BER measurements performed on the
received eye diagrams are plotted in the curves of Fig. 5(d). All
four Drop signals achieved error free operation at the 107
condition, with 1.8 dB BER penalty for the first EDWA-
ROADM stage and an additional 1.7 dB BER penalty for the
second stage, verifying the capability of the node to handle
cascaded layouts and long-distances of optical networks.

V. CONCLUSION

A lossless ROADM node relying exclusively on silicon
photonics was experimentally presented for the first time. The
proposed device is based on an MZI-based lattice-filter layout
and a 5.9 cm-long Al,O3:Er** EDWA monolithically integrated
on a SizNy platform. Although the current work relies on two
discrete PICs to demonstrate the proof of principle operation, it
indicates a possible roadmap towards monolithically co-
integrating EDWA and rare-earth gain-elements together with
larger-port count photonics switching matrixes on a single PIC
for a range of lossless photonic switching matrix applications,
including programmable photonic processors or even lidars, as
part of future work [40]. Such a lossless photonic switching
subsystem could form a highly functional and cost-effective
PIC solution for 5G fronthaul and access networks, while
extending its cascadability to higher number of components,
e.g., two ROADMs, without compromising the total insertion
losses can potentially form the basis for larger-size functional
ROADMs and OCSs for Telecom and Datacom sectors.
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