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8×40 Gbps WDM Amplification in a Monolithically
Integrated Al2O3:Er3+-Si3N4 Waveguide Amplifier

T. Chrysostomidis , J. Mu, I. Roumpos , K. Fotiadis , A. Manolis , C. Vagionas , M. Dijkstra ,

S. M. Garcia-Blanco , T. Alexoudi , and K. Vyrsokinos

Abstract— On chip waveguide optical amplifiers have been
extensively studied over the last years, with a wide variety
of materials tested and proposed for different applications.
Among the most prominent solutions for on-chip amplifica-
tion, erbium doped waveguide amplifiers (EDWAs) are able to
offer attractive performance metrics that can exceed SOA-based
amplification solutions in traditional single and multi-channel
systems. In this letter, we experimentally demonstrate a record
high 8 × 40 Gbps non return to zero (NRZ) wavelength division
multiplexing (WDM) data amplification through a 5.9 cm long
on-chip amplifier consisting of an erbium-doped aluminum oxide
spiral waveguide monolithically integrated on the Si3N4 platform.
Experimental results show more than 12.7 dB amplification per
channel for low saturation total input power of −2.75 dBm, and
clear eye diagrams and bit-error rate values below the KR4-FEC
limit of 2 × 10−5 for all eight channels without any digital
signal processing (DSP) applied to the signal to the receiver or
transmitter side. The high losses from the fiber to chip interfaces,
however, prevented achieving device net gain.

Index Terms— Al2O3, Si3N4, high bit-rate, monolithic integra-
tion, waveguide amplifier.

I. INTRODUCTION

INTEGRATED optical amplifiers have been intensively
researched over the last years as a compensation mechanism

for the power losses that occur during the signal transmission
in various media and long optical based datacom and telecom
network links [1]. In datacoms applications, the inability of
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Er3+ to provide gain in the O-band led to the exploration of
various approaches based on semiconductor optical amplifiers
(SOAs) hybrid integrated onto Si or Si3N4 substrates [2].
The utilization of SOAs in datacom applications is possible
thanks to the low channel number typical in datacom wave-
length division multiplexing (WDM) systems together with the
large channel spacing, which tolerates the different peak gain
profiles provided by the III-V material stack for each lane.
In C-band telecom and datacom links though, the adoption of
SOA as discrete gain components in metro based networks,
has not gained traction as the high noise figure of the SOAs
deteriorates rapidly the optical signal to noise ratio (OSNR)
of the signal in cascaded amplification systems. In addition,
carrier transient effects in the semiconductor gain material
impose severe signal waveform distortion effects, especially
at tens of GHz baud rates. In dense WDM transmission
systems with close channel spacing, the utilization of SOAs is
hindered also by the severe inter-channel crosstalk caused by
high material nonlinearities. These signal degradations can be
partially mitigated with heavy digital signal processing (DSP)
at the receiver side [3]. It appears therefore clear that the
employment of Er3+ doped amplifiers is still the preferred
solution for signal amplification in the C-band.

The provision of erbium doped waveguide ampli-
fiers (EDWAs) with similar performance in terms of gain,
bandwidth, and noise figure [4], to their fiber counterparts
(i.e., erbium doped fiber amplifier (EDFA)) is top in the
wish lists of network operators targeting reduced footprint
and improved energy efficiency. In addition, these amplifiers
can be co-integrated on the same chip with photonic compo-
nents or systems such as multiplexers (MUXs) /demultiplexers
(DEMUXs) and reconfigurable optical add-drop MUXs [5],
on other platforms such as silicon on insulator (SOI) and
silicon nitride (Si3N4), to realize more advanced circuits and
systems with higher functionality and reduced assembly costs.

One of the most suitable host materials for Er3+ ions in
integrated amplifiers is Al2O3 [1], [6], with recent impressive
results including the demonstration of 20 dB net gain from a
12.9 cm long spiral in shallow etched waveguides doped with
1.92 × 1020 cm−3 erbium ion concentration [4]. In that study,
a large 80 nm bandwidth with 2 dB/cm peak gain was demon-
strated [7]. The integration of Al2O3:Er3+ onto the Si3N4
platform is gaining momentum thanks to the low propagation
losses and low cost of the Si3N4 platform in combination
with the excellent gain characteristics of Al2O3:Er3+ [8]–[10].
A record net modal gain of 20.1 dB/cm from 1200 µm long
slot waveguides [11], and peak Si3N4 to Si3N4 gain of 18.1 dB
at 1532 nm spanning 70 nm bandwidth from a 10 cm long
spiral waveguide integrated on Si3N4 with a double photonic
layer approach [12], have been recently reported. Furthermore,
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Fig. 1. (a) Scanning electron microscope image of the adiabatic coupler near the Si3N4 taper tip. (b) Experimental set-up adopted to evaluate the eight
channel WDM amplification (320Gbps) capabilities of the Er3+ doped integrated on-chip amplifier. Inset shows the layout of the integrated amplifier.

cost-effective erbium doped waveguide amplifiers on a fully
industrial 300 mm Si3N4 photonic platform [13], have been
shown. Although the demonstrations of the erbium doped
waveguide amplifiers reported so far combine all the necessary
critical features in terms of gain, broadband operation and ease
of fabrication, the only high-speed Er3+ demonstration has
achieved up to 170 Gbps [14], through a single channel only,
missing any WDM capability credentials.

In this letter, we demonstrate a record high-speed WDM
data amplification operation of an aggregated 320 Gbps data
stream through a 5.9 cm long Al2O3:Er3+ waveguide ampli-
fier monolithically integrated on a low-loss Si3N4 platform.
WDM operation credentials have been successfully verified
by simultaneous amplification of 8 × 40 Gbps data channels
with more than 12.7 dB and 2.9 dB amplification for light and
deep saturation regime, respectively. The obtained results at
the output of the amplification line revealed clear eye patterns
for all channels with extinction ratio (ER) above 3.8 dB and
amplitude modulation (AM) of 1 dB, while the bit-error rate
(BER) values were below the 2 × 10−5 KR4-forward error
correction (FEC) limit without applying any DSP to the signal
on the transmitter or receiver side.

II. AMPLIFIER FABRICATION

The Al2O3:Er3+ waveguides are fabricated on a wafer
containing low pressure chemical vapor deposition Si3N4
waveguides by RF reactive co-sputtering from aluminum and
erbium targets followed by standard UV lithography and
reactive ion etching. The fabrication procedure has been
reported in [12], [15]. The targeted erbium concentration is
1.7 × 1020 cm−3. The Al2O3:Er3+ and Si3N4 waveguides
are separated by a ∼180 nm thick SiO2 film. The cross-
sectional dimensions of the fully etched Al2O3:Er3+ and Si3N4
waveguides are 1.4 µm × 800 nm, and 1.4 µm × 200 nm,
respectively. Both waveguides support single mode operation
at the wavelengths in the C-band and only transverse electric
polarization is considered in this work. The optical coupling
between two waveguides is realized by vertically tapered
couplers that exhibit ∼0.5 dB measured loss per coupler,
fig. 1(a) shows a SEM image close to the Si3N4 taper tip.
The propagation losses are measured to be 0.12 dB/cm for
the Si3N4 waveguide at the wavelength of 1550 nm, and
0.47 dB/cm for the Al2O3:Er3+ waveguide at the wavelength
of 1306 nm, which lies outside the Er3+ absorption band. The
fiber-to-chip coupling loss in the amplifier chip is calculated
to be 10 dB and 12 dB for the wavelength of 1550 nm
and 980 nm, respectively. Multimode interference (MMI)
couplers are integrated in the Si3N4 layer for multiplexing/

demultiplexing the pump and the signal. The MMI losses are
measured to 1.7 dB and 2.7 dB for signal and pump light,
respectively. A loss of 8.3 dB was measured when introducing
the signal via the pump port of the MMI. The layout of the
integrated device is shown at the inset of fig.1(b).

The total loss of the signal/pump from the fiber to the
Al2O3:Er3+ spiral is estimated at 18.8/15.2 dB that is analysed
to 10/12 dB for the fiber to photonic integrated circuit (PIC)
coupling, 8.3/2.7 dB for the MMI and 0.5/0.5 dB for the Si3N4
Al2O3:Er3+ coupler. The total loss from the Al2O3:Er3+ spiral
to the output fiber is calculated as 12 dB, that breakdowns
to 10 dB from the fiber to PIC coupling, 1.5 dB from the
MMI and 0.5 dB for the adiabatic coupler. The net gain
of the EDWA spiral was measured 4.9 dB for −28 dBm
(light saturation region) and 1.9 dB for −10 dBm (deep
saturation region) incident power into the spiral, resulting in
a corresponding net loss of the chip of 25.9 dB and 28.9 dB,
respectively.

III. EXPERIMENTAL EVALUATION AND

RESULTS AT 8 × 40 GBPS

Fig. 1 depicts the experimental setup employed for the
evaluation of the 8 × 40 Gbps WDM amplification through
the EDWA chip. Eight distributed feedback lasers produce
continuous waveform signals at the wavelengths ranging from
1545.5 nm to 1556.8 nm (Fig. 1b). The unequal channel
spacing of the laser source required multiplexing of the chan-
nels through an 8 × 1 planar lightwave circuit (PLC) coupler
instead of through a WDM MUX, which introduced a 3-4 dB
power penalty in the line. After multiplexing, a LiNbO3 Mach-
Zehnder modulator (MOD) generated the WDM data stream
followed by 1 km single mode fiber (SMF) for one-bit decor-
relation between the different channels. To compensate for the
highly lossy fiber-PIC interfaces, EDFA(1) and EDFA(2) were
employed to boost the input signals before injection at the
integrated amplifier and after amplification from the spiral,
respectively. A variable optical attenuator (VOA) adjusted the
power of the signal injected at the chip to investigate the
performance at different saturation levels.

Index matching gel diphenyl ether was used to reduce fiber-
PIC coupling losses. Unfortunately, the evaporation of the gel
during the measurement induced misalignment of the fiber
array to the signal and pump input ports of the on chip
MMI MUX, making stable measurements impossible. For this
reason, the WDM stream and 300 mW of 980 nm pump laser
were combined externally through a WDM (1550/980 nm)
fiber coupler and launched to the pump port of the on-chip
MMI of the device under test (DUT) through a polarization
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Fig. 2. Optical spectra of the 8 channel WDM signals at chip output
for −2.75 dBm and (b) 15.36 dBm total input power. Black and red lines
correspond to the pump laser being OFF and ON respectively, amplification
is referred inside the figure. The OSA resolution of 0.1 nm.

maintaining fiber (PMF) with FC/PC connector via butt-
coupling. The coupling from the pump port was selected
to maximize the pump light to the active region, since the
extra losses of the WDM signal could be pre-compensated
with an external EDFA. This configuration was stable enough
for the recording of the presented results. A SMF was used
to collect the output power from the output signal port of
the on-chip MMI. A wavelength tunable optical bandpass
filter [TOBPF(1)] with 1 nm 3-dB bandwidth was employed
to reject the residual pump light, the amplified spontaneous
emission (ASE) noise and channel separation for further
evaluation. The filtered signal is further amplified by the
EDFA(2) to achieve the minimum input power required for
suitable OSNR at the bit error rate tester (BERT) for BER
below 10−5. The ASE noise of the EDFA(2) was filtered out
by a second wavelength TOBPF(2) with 1 nm 3-dB bandwidth.
The final signal was then converted to the electrical domain via
a 40 GHz 3-dB bandwidth photodiode (PD) and subsequently
monitored by the digital sampling oscilloscope (OSC) and the
BERT. The received optical power at the PD was controlled
with a VOA.

Fig. 2(a)-(b) depicts the spectrum of the WDM amplified
signal at the output of the chip for two different total input
powers of −2.75 dBm and 15.36 dBm, which place the EDWA
in the light and deep saturation regime, respectively. The red
line corresponds to the pump ON and the black line to the
pump OFF states. For the light saturation case, the amplifica-
tion varies from 15.88 dB at the wavelength of 1545.5 nm to
12.68 dB at 1556.8 nm. This variation is mainly due to the
non-uniformity of the gain profile of the Al2O3:Er3+ resulting
in higher gain for the shorter wavelengths of the WDM stream.
In the deep saturation regime, which was mandated by the
requirement for sufficient OSNR at the PD of the receiver
in the amplification experiment, the amplification values are

Fig. 3. (a) 1553.60 nm back to back eye diagram. (b)-(i) amplification eyes
diagrams for 8 × 40 Gbps data channels. 5ps/div and 6.3mV/div horizontal
and vertical axis, respectively.

smaller, varying from 3.91 dB at 1545.5 nm to 2.93 dB at
1556.8 nm, as shown in Fig. 2(b). Accordingly, the ASE noise
is reduced from 3.36 dB to 3.08 dB from the low saturation
regime to the deep saturation regime.

Fig. 3(a) shows a reference eye diagram of the 1553.60 nm
channel of the WDM signal captured when the EDWA chip has
been replaced by a VOA that was adjusted to provide the same
input power to EDFA(2) as the one coming from the EDWA
chip. The eye diagrams of the other channels in similar con-
ditions are almost identical and are thus omitted. Fig. 3(b)-(i)
illustrate the eye diagrams at the end of the amplification line,
i.e., after EDFA(2), for all channels for the maximum input
power of 15.36 dBm at the EDWA. A clear eye opening and
minimal signal distortion are evident. The clear eye diagram
of the WDM stream signal, Fig. 3(b)-(i), have similar eye
openings as compared to the reference diagram in Fig. 3(a)
and minimal signal distortion, which indicates that the EDWA
chips have negligible influence on the degradation of the signal
quality. The extinction ratio of all channels ranges between
3.8 dB and 4.2 dB, while the AM value is approximately 1 dB.

Fig. 4(a) shows the spectrum of one of the WDM channels at
1553.60 nm after filtering at TOBPF(1), revealing an adjacent
channel suppression of more than 30 dB, which is in alignment
with the eye diagrams of Fig. 3, where no crosstalk is evident.
Fig. 4(b) shows the spectrum of the same channel after
amplification at EDFA(2) and filtering at TOBPF(2). The side
channels are now totally suppressed, but the in-band noise
accumulation from EDFA(2) is clearly visible and confirms
that the major source of degradation in the amplification line
is the low power injected at this EDFA.

Fig. 5 depicts the obtained BER measurements as a function
of the received power for each channel. The BER measure-
ments were obtained for a 15.36 dBm total input signal power
at the EDWA resulting in deep saturation of the integrated
amplifier. The input power for each channel at the input of
EDFA(2) was varying from −26.2 dBm to −20.7 dBm as
Table I shows. All BER curves were received without applying
any DSP to the signal on the receiver or transmitter side.
The dashed and solid lines represent the back-to-back (BtB)
measurements using a VOA set to impose the same losses
as the EDWA chip, and the transmitted signals through the
EDWA, respectively. The horizontal dashed line denotes the
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Fig. 4. Optical spectrum of isolated 1553.60 nm channel after TOBPF(1)
and (b) optical spectrum after TOBPF(2). The OSA resolution of 0.1 nm.

Fig. 5. BER measurements at 8 × 40 Gbps amplification. The horizontal
dashed line denotes the error rate threshold for KR4-FEC at 2.1 × 10−5.

TABLE I

POWER LEVELS FOR 15.36 DBM TOTAL SIGNAL POWER AT EDWA INPUT

threshold for the KR4-FEC limit of 2.1 × 10−5. It can be
seen that all WDM channels exhibit signal quality above this
limit. The minimum error-rate values appearing in both of
VOA and EDWA amplification are in the order of 10−5 for
1545.5 nm, 1547.1 nm, and 1548.7 nm channels, 10−6 for
the 1555.2 nm channel, 10−7 for the 1550.3 nm channel and
10−9 for the 1551.9 nm, 1553.6 nm, and 1556.8 nm channels.
The required received power at the input of the PD to reach
the KR4-FEC threshold varied from −1 dBm to 1.05 dBm
(Table I), while the power penalty was below 1 dB for all eight
channels, confirming the absence of crosstalk during amplifi-
cation. Furthermore, the slope difference observed between the
curves occurs from the slightly different bias condition of the
modulator during the measurements.

The device although currently does not provide net gain.
However, a 10 cm long device is expected to provide more than
7 dB fiber to fiber chip gain for −20 dBm input power, consid-
ering 1.1 dB/cm spiral net gain [12], 0.5 dB loss/facet [16] and

1.5 dB losses per integrated MMI coupler. Also, with a better
photoreceiver at the receiver [17], the chip can be employed for
the amplification of WDM streams as a standalone device. The
demonstrated device is targeting applications for compensation
of moderate losses in applications such as tunable wavelength
ring lasers, LIDARs or compensation of ROADMs for metro
networks [5].

IV. CONCLUSION

An error free 8 × 40 Gbps NRZ WDM data amplifica-
tion through a monolithically integrated Al2O3:Er3+-Si3N4
waveguide amplifier with 5.9 cm long gain section was pre-
sented. The eight channels of the WDM signal amplified by
the waveguide amplifier exhibit clear eye diagrams of 3.9 to
4.2 dB ER and 1 dB AM with minimal signal degradation. The
BER measurements without any DSP applied confirm the good
signal quality and the minimum distortion of the signal. All
channels reaching the KR4-FEC threshold value of 2.1×10−5

are within −1 to 1.05 dBm received power. The power penalty
is less than 1 dB compared to the BtB amplification.
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