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Abstract—High-capacity data transmission for intra/inter-data
centre links has become necessary to accommodate the massive
increase in data traffic. Data transmission needs to be reconfigured
based on instantaneous demand or based on certain cyclical and
predictive traffic patterns. In this work, we demonstrate a record
high transmission rate of 200 Gbps/A and 160 Gbps/A with 40 GHz
32QAM and 40 GHz 16QAM OFDM signal (over C-band) using
the wavelength-tunable InP-Si3 N, laser source from the integrated
dual laser module for short-reach application. We also demonstrate
the data transmission with bandwidth reconfigurability and flexible
higher-order modulation allocation enabled by this laser source’s
low relative intensity noise (< —160 dB/Hz). We successfully
show that the data transmission performance in back-to-back and
over-fibre is within the standard FEC limits and goes beyond our
previous works by leveraging wideband multi-carrier to achieve
rates not yet shown before with this device.

Index Terms—Fiber-optic communication systems, intensity
modulation, direct detection, short-reach communication, photonic
integrated circuits, silicon nitride, OFDM.

I. INTRODUCTION

HE continuous evolution of technology and devices offer-
T ing cloud-based services have induced a massive traffic
flow through the data centre (DC) networks. This necessitates a
shift towards using higher transmission capacity per lane by uti-
lizing higher bandwidths and higher-order modulation formats
in the DCs. The transmission can be optimized by reconfiguring
the system based on instantaneous demand or based on certain
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cyclical and predictive traffic patterns. Moreover, integrated op-
tical solutions that can reduce the power consumption and cost of
the DCs need to be employed [1]. A simple intensity modulation
direct-detection (IM-DD) based optical transmission system is
considered a more advantageous and feasible solution because
of its low construction cost and computational complexity.

Scaling capacities with single-carrier transmission entails
stringent optimization at the transmitter, higher bit resolution
samplers and a larger signal-to-noise ratio at the receiver. The
use of multi-carrier transmission schemes like orthogonal fre-
quency division multiplexing (OFDM) would be advantageous
over pulse amplitude modulation (PAM) options as they exhibit
flexible data assignment to subcarriers with software control-
lable subcarrier spacing, no change in the receiver side signal
processing and allows the use of different flavours of OFDM
that can optimise throughput or system complexity [2].

The choice of laser used for the transmission is also a critical
factor that decides the performance limits. For IM-DD sys-
tems, relative intensity noise (RIN) is an important parameter
that decides the performance limits when scaling the order
of modulation [3]. In the past demonstrations, VCSELs with
—140 dB/Hz RIN were deployed to transmit 100 Gbps 16QAM
OFDM over a short distance of 100 m [4], and a single mode
tunable DFB laser has been used for transmission of 178 Gbps
OFDM over 2 km [5]. Authors in [6] have reported a 200 Gbps
transmission over 1.6 km for a high receiver power of 7 dBm.

Previously, we have demonstrated the transmission of wide-
band 40 GHz 16QAM and 32 GHz 32QAM OFDM signals with
a data rate of 160 Gbps using an InP-Si3N, hybrid integrated
dual laser module over a 1 km short-reach link [7]. Here, we
extend the work to show a record-high data rate of 200 Gbps/A
with IM-DD multi-carrier signal using this dual laser module.
We show the transmission reconfigurability of this system by
demonstrating signal transmission at different bandwidths and
using different modulation formats with just a simple subcarrier
allocation in software. Higher-order modulation increases the
transmission rate but requires stringent conditions of operations,
such as large transmit power levels and higher signal-to-noise
ratios (SNR). The sources of SNR degradation include noises
from the electrical and optical amplifiers, various types of
noises (quantization, jitter, effective number of bits- ENoB) from
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Fig. 1.
the photograph of the DLM [3] are shown as insets.

the digital-to-analogue and analogue-to-digital converters and
from the laser source itself. The fundamental SNR limitation
from the optical source to the scale order of modulation is the
laser RIN. Recently, the shaping and optimization of symbol
constellations for transmission have been used to achieve max-
imum achievable information capacity and reduce the average
energy [8]. In this work, we demonstrate the transmission of
regular and shaped signal constellations to scale capacity while
trying to operate at reduced transmit energy. The ability to
transmit signals with higher cardinality is enabled by extremely
low RIN (of < —160 dB/Hz) of the hybrid-integrated InP-SizNy
tunable laser source. Being a silicon photonic (SiPh) integrated
circuit, this device has a compact size, high yield, and potential
for mass production and photonic integration with other SiPh
components.

The overall structure of this article is as follows. In
Section II, we briefly discuss the hybrid-integrated tunable laser
and describe the experimental setup deployed using different
modulation formats. Afterwards, in Section III, we present the
results of the experiments performed with analysis and discus-
sion on the same. Finally, we conclude the findings of this work
in Section IV.

II. LASER DESCRIPTION AND EXPERIMENTAL SETUP

The simplified dual laser module (DLM) schematic is shown
in Fig. 1 and consists of two on-chip lasers, L1 and L2, each hav-
ing gain, phase and cavity sections, the 2 x 2 symmetric Mach-
Zehnder Interferometer-based tunable couplers (MZI-TC) [8]
and photodetectors (PDs). Each laser module is fabricated using
an InP-based double reflective semiconductor optical amplifier
(SOA) hybridly coupled to a SizNy feedback circuit. The feed-
back circuit contains two microring resonators MRRs in Vernier
configuration. The on-chip micro-heaters (highlighted with blue
in the simplified schematic of the laser) are linked to the phase

Schematic of the experimental setup for the demonstration of wideband OFDM transmission using InP-Siz N laser. The setup for RIN measurement and

section, the MRRs and the MZI-TC, enabling a thermo-optical
control.

The InP-based SOA’s right and left facets are coated with
low and high reflective materials respectively, thereby assisting
lasing phenomenon from the cavity. The free spectral range
(FSR) of each SigN, feedback circuit with two MRRs is around
1.6 nm (200 GHz). The SizN, waveguides have an asymmetric
double-stripe cross-section offering a low propagation loss of
about 0.1 dB/cm, allowing the MRRs to reach extremely high
Q-factors ranging from 20000 to 200000 [3], [9], [10].

We achieve wavelength tunability by optimizing micro-
heaters’ voltages associated with the feedback circuit and on-
chip MZI-TC. A detailed description of this widely tunable and
low-noise device is given in our previous work [3]. A photograph
of the InP-Si3N, hybrid integrated dual laser module used in this
demonstration is shown in Fig. 1.

In this work, we have tuned one of the lasers of DLM over
the C-band, and Fig. 2(a) shows the superimposed spectrum of
test lines used, with side mode suppression ratio (SMSR) greater
than 60 dB. For this work, we set the gain current to 170 mA and
fine-tuned the voltages supplied to micro-heaters associated with
the phase section, feedback circuit and on-chip tunable couplers.
We then measure the RIN of one of the DLM output lines
(1551.12 nm), as shown in Fig. 1. We detect the optical signal
using a 30 GHz bandwidth photodetector (PD). The detected
signal is then amplified using a 50 GHz RF amplifier and is
fed to the electrical spectrum analyser (ESA, RS FSW50). The
electrical spectrum is then used to compute the RIN as shown
in Fig. 2(b) and has an extremely low value of ~—169 dB/Hz.
The lower values of RIN compared to that in [3] are due to the
increase in the current to the gain section of the laser. We now
proceed with the data transmission using OFDM by using the
output of the DLM.

In this work, we demonstrate the transmission using OFDM
signals, where the complex domain symbols, derived from a
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Fig. 2. (a) Superimposed spectra of the optical carrier used in this demon-
stration using the DLM. (b) The typical RIN of the DLM optical carrier at
1551.12 nm.

constellation set Cs = {¢y, ¢a, ..., cpr } of order M, are mod-
ulated on each subcarrier. All the symbols in the set Cs here
are considered to have a uniform probability of occurrence. The
transmitted time domain OFDM signal (z(k)) is mathematically
represented as

Noe—1

1
N Kl

j2mkm

Nsc ); 0<k<Ng—1, (1)

(k) =

where N,. denotes the number of subcarriers of the OFDM
symbol, and to generate a real OFDM signal, we employ Her-
mitian symmetry condition X ; = X*,0 <[ < N,./2and
X € Cs. One way to increase the data is by increasing the mod-
ulation order M of the symbols modulating each subcarrier. We
employ different constellation symbols of different modulation
orders and symbols with the same modulation order but having
different constellation profiles like regular 32QAM and geomet-
rically shaped 32QAM. The use of shaped constellations results
in reduced average energy per symbol E; and is calculated as
follows [11]

1 M-1
Be= 37 2 bl

Fig. 3 shows the various modulation formats considered along
with the values of E; and the number of bits each symbol
encodes (upper axis). In this work, the set of symbols for
the constellation shaped (CS) 32QAM is derived from Cs =
rie (M2 Ne)

cj € Cs. 2)

with r and Nc the ring radius and the number
of constellation symbols in the respective ring, and {r;, N¢;} is
{(1,8);(2.5,16); (3.5,8)} and {(1, 8); (2,8); (3, 16)} for CS-1
and CS-2 respectively. The set of CS-1 for 64QAM symbols is
derived from Cs = r;e/(m+2)76) with r = {1;2.5;3.5;4.75}.
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Fig. 3. Regular square and shaped modulation formats considered and their
energy per symbol.

Fig. 1 shows the schematic of the experimental setup for trans-
mitting wideband OFDM signals using the integrated hybrid
InP-Si3Ny tunable laser module. We consider a pseudo-random
bit sequence of order 17 and map the bits to symbols from the
constellation considered. We then convert this serial data into
N.(= 256) parallel streams and appropriately load them on
the data subcarriers. The desired bandwidth of the signal decides
the number of data subcarriers used. We also introduce 5 zero
subcarriers around DC to avoid signal-signal beat interference
(SSBI) during direct detection. We then perform the inverse
fast Fourier transform (iFFT) operation on all the subcarriers
to convert it to the time domain. The parallel stream of time
domain samples is then serialised, and a 16-sample cyclic prefix
(CP) is added. We then perform amplitude clipping with a
clipping ratio of 4 to reduce the time domain OFDM signal’s
peak-to-average power ratio (PAPR). We consider a baseband
sampling rate of 92 GSa/s; hence, the subcarrier spacing (A f)
is ~360 MHz. We then load 100 OFDM symbols (one frame)
on the arbitrary waveform generator (AWG). An external cavity
laser (ECL) and/or the DLM at a specific wavelength is used
as an optical carrier and is fed to the Mach-Zender modulator
(MZM, 40 GHz 3 dB bandwidth). The 92 GSa/s AWG generates
the continuous-time electrical OFDM signal and gets amplified
by an RF amplifier (24 dB gain). This amplified electrical signal
drives the MZM to modulate the signal on the optical carrier
to generate the double-sideband (DSB) optical signal. To study
the effect of power fading, we also generate the single-sideband
(SSB) signal by optically filtering out the amplified DSB signal
generated previously. An optical amplifier is used in the SSB
system to compensate for the insertion loss of the optical filter
(XTM-50). We then consider the transmission of the DSB/SSB
optical signal in back-to-back (B2B) and over single-mode fibre
(SMF) (launch power of 5 dBm) configurations. We employ a
variable optical attenuator (VOA) to change the received optical
power of the signal before it is detected by a 70 GHz photode-
tector. The detected signal is then amplified by an RF amplifier
(23 dB gain) and is captured using a real-time scope (RTS)
(200 GSa/s). The digital samples are then further processed to
evaluate the performance.

In the offline processing (as shown in Fig. 1 inset), the cap-
tured data is first normalized and then re-sampled to have exactly
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in different bandwidths and configurations. The bandwidth mentioned in the
legend is a single-sided value and the x-axis grid lines are spaced at 0.2 nm.

1 sample per subcarrier. We perform frame synchronization
based on standard correlation technique with the transmitted
frame to locate the start of the frame in captured signal. We
then remove CP from each OFDM symbol and convert the
signal from time domain to frequency domain by performing an
FFT operation. We estimate the channel response using the first
five transmitted and received OFDM symbols. The estimates
are enriched by employing the ensemble mean of intra-symbol
spectral averaged channel estimates from the 5 training symbols.
Next, the symbols were equalized using a single-tap frequency
domain zero-forcing (ZF) equalizer to correct for the system
imperfections. The equalized symbols are then de-mapped to bit
sequences, and we evaluate the BER performance of the signal
for each received optical power value.

Fig. 4 shows the optical spectrum of the modulated OFDM
signal at different occupied bandwidths and for DSB and SSB
configurations. The bandwidth mentioned in the legends of
Fig. 4 is single-sided values corresponding to their electrical
bandwidths. The figure also shows the 40 GHz DSB signal
spectrum with and without digital pre-distortion (DPD). The
DPD is applied to signals occupying a bandwidth greater than
10 GHz, and details of it are described in the following section.

III. RESULTS AND DISCUSSION

Fig. 5(a) shows the BER performance of 10 GHz regu-
lar square 64QAM DSB-OFDM signal modulating the optical
output from DLM (at 1551.12 nm) in B2B and 1 km SMF
configurations, respectively. The plot also shows the reference
hard-decision FEC (HD-FEC) line ata BER of 3.8 x 1072 at 7%
overhead. For B2B configuration, the BER performance of the
signal is within the HD-FEC limit for received power >—1 dBm.
The BER performance for transmission over 1 km SMF is within
the HD-FEC limit for received power >—0.8 dBm. The total data
rate of the transmission with regular 64QAM-OFDM is 60 Gbps.

3615

Fig. 5(b) shows the BER performance of 20 GHz
constellation-shaped CS-1 64QAM modulated DSB-OFDM sig-
nal with the optical source from DLM (at 1551.12 nm) in B2B
and 1 km SMF configurations, respectively. The plot also shows
the reference soft-decision FEC (SD-FEC) line at a BER of
2.2 x 1072 at 20% overhead. We report a higher value of BER
(and FEC limit) here because of the increased signal bandwidth
and closed spacing of symbols in the shaped constellation. For
B2B configuration, the BER performance of the signal attains
the SD-FEC limit at —1.5 dBm received optical power.

The performance of the fibre transmission case is within the
SD-FEC limit for received power >0 dBm. The total data rate of
the transmission with CS-1 64QAM-OFDM is 120 Gbps. Fig. 6
shows the scatter plots of the successfully equalized regular
10 GHz 64QAM and 20 GHz CS-1 64QAM signals after 1 km
SMF at a received power of 0 dBm, along with ideal reference
constellation points marked with ‘<’ symbol.

Fig. 5(c) shows the BER performance of 20 GHz 32QAM
modulated DSB-OFDM signal with two shaped constellation
profiles (CS1 and CS2) with the optical carrier derived from
DLM (at 1551.12 nm) in B2B and 1 km SMF configurations,
respectively. The plot also shows the reference 7% overhead
HD-FEC line. The data rate for both signals transmission is
100 Gbps. For B2B configuration, the BER performance of the
signal attains the HD-FEC limit at received power of —1.5 dBm
for CS-2 compared to —0.8 dBm for CS-1. We can observe
an increased penalty of 0.6 dB in the case of CS-1 compared
to the CS-2 constellation profile. This is because using CS-1
reduces the Euclidean distance between constellation points,
with respect to CS-2, causing a relative degradation in BER for
the same SNR. The performance of the 1 km fibre transmission
case is within the HD-FEC limit for received powers above
0dBm and 1 dBm for CS-2 and CS-1 signals, respectively. Fig. 7
shows the scatter plots of the successfully equalized 20 GHz
CS-1 and CS-2 32QAM signals after 1 km SMF at a received
power of 0 dBm.

We now evaluate the performance of OFDM signals modu-
lated at higher bandwidth (> 30 GHz). For systems employing
larger bandwidths, the effective frequency response of all the
system’s components bounds the maximum achievable trans-
mission capacity. An ideal system must have a flat frequency
response across the signal bandwidth. However, in practice, the
response is coloured since the usable bandwidth of the compo-
nents is often extended beyond the 3 dB specified values rather
than having a brick wall frequency response. Fig. 8(a) shows
the normalized channel frequency response across the signal
bandwidth estimated from the transmitted training symbols for
40 GHz and 32 GHz modulated OFDM signals. Compared to the
centre subcarriers, the outermost subcarriers are attenuated by
about 5 dB and 10 dB for 32 and 40 GHz signals. This frequency
response affects the effective transmission capacity C' since it
effectively colours the SNR of the subcarriers as

Noe—1

C= loga <1 +
k=0

Sag(f)
WIHM (f)|2> Afy, 3)
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where Saf, (f) is the PSD of the k' subcarrier of the trans-
mitted signal, Nay, (f) is the PSD of the noise and Ha ¢, (f)
is the channel response of the k' subcarrier. To maximise the
capacity and performance, we can either perform bit loading
of the subcarriers by appropriately loading the symbols with a
cardinality that best suits the channel response or perform power
loading or digital pre-distortion by emphasising the higher fre-
quency components to create a flat channel response. In this
work, we perform digital pre-distortion by boosting the power
of higher-frequency components. Fig. 8(b) shows the transmitter
side electrical spectrum of the 32 and 40 GHz modulated OFDM
signals with DPD.

Fig. 8(c) shows the BER performance of 32 GHz regular
32QAM signal performance with ECL and DLM (at different
wavelengths) in B2B and 1 km SMF configurations, respec-
tively. The plot also shows the reference SD-FEC lines at a
BER of 2.2 x 1072 and 3.8 x 1072 at 20% and 25% overhead,
respectively. For B2B configuration, the BER performance of the
signal from ECL and at four wavelengths from DLM is within
the 20% SD-FEC limit for received power >—4 dBm. For fibre
transmission case, the performance is within the 25% SD-FEC
limit for received power >-1 dBm.

We observe a penalty of about 3 dB for the fibre transmission
case compared to B2B transmission, mainly due to the dispersive
fading. Since the real OFDM signal has DSB and exhibits
spectral conjugate symmetry, the power of the beat component
upon direct detection varies as a function of the difference
in phase accumulated of the corresponding subcarriers due to
chromatic dispersion (CD). This variation in power as a function
of fibre length (fading effect) can be mathematically described
as the multiplication of real component of the fibre dispersion
transfer function, Hy (w), with the Fourier transform of detected
signal [12], where

Hyp(w) = cos (%52w2L), %)
B is the CD coefficient of the fibre at the laser’s operating
frequency, L is the fibre length, and w is the angular frequency
deviation from the laser’s operating frequency. Fig. 9(a) shows
an 8 dB power reduction due to the enhanced fading effect
for the highest frequency subcarrier compared to the electrical
spectrum of the received signal in B2B configuration. Although
the information carrying bandwidth is 32 GHz, i.e. the electrical
bandwidth, a large fading effect is observed for a short distance
because the optical bandwidth spans to 64 GHz due to Hermitian
symmetry. This fading effect reduces the SNR, especially at
higher frequencies; hence, the performance is degraded.

Fig. 9(b) shows the BER performance of 40 GHz 16QAM
signal with ECL and DLM in B2B and 1 km SMF configuration,
respectively, and the performance is within 25% SD-FEC limit
for received power >—3.5 dBm. The power penalty observed
for fibre transmission compared to B2B results are again due to
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the power fading effect. One way of avoiding the fading power
effect is by employing SSB modulation, where only one side
of the Hermitian symmetric spectrum is transmitted along with
the carrier. This ensures that the power spectral density of the
received signal remains intact to that of the transmitted signal
and without being affected by Hy (w). The generation of the SSB
signal can be realized either by optical filtering of the generated
DSB signal or by performing Hilbert transform to the DSB signal
and modulating the in-phase (I) and quadrature (Q) components
using an IQ modulator or a dual-drive MZM with appropriate
bias conditions.

Due to the wideband nature of OFDM signal, we generate the
optical SSB signal by employing an optical filter to filter out the
carrier and one side of the spectrum, as shown in Fig. 1. Fig. 9(c)
shows the BER performances of DSB and SSB 40 GHz 16QAM
signals with DLM in B2B and 1 km SMF configurations, re-
spectively. The plot also shows the reference SD-FEC lines at
20% and 25% overhead, respectively. For DSB configuration,
the BER performance of signal in B2B and over fibre behaves as
expected, with the BER of signal transmitted over fibre degraded
due to fading. The BER performance of SSB signal in B2B
and over 1 km SMF transmission is similar, demonstrating the
absence of a power fading effect. The degradation in BER perfor-
mance of SSB signal compared to DSB signal is because of the

25% SD-FEC

== — - - -

BER

S m———

ECL-B2B
DLM-B2B
ECL-460m

» DLM-460m ‘ ‘
10
-3 -2 -1 0 1

Received Optical Power (dBm)

Fig. 10. BER performance of 200 Gbps real OFDM signal in B2B and with
fibre transmission configurations.

reduced SNR due to additional noise from the optical amplifier
used in the SSB path to overcome the filter’s insertion loss.

We now discuss the BER performance of 200 Gbps/A data
transmission with 40 GHz regular 32QAM OFDM signal.
Fig. 10 shows the BER performance of the 200 Gbps 32QAM-
OFDM signal with ECL and DLM in B2B and 0.46 km SMF
configuration, respectively. The performance is within 25%
SD-FEC limit for received power > 0 and —1 dBm for ECL
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Fig. 11.  Scatterplots of 40 GHz (a) 16QAM and (b) 32QAM-OFDM signals

after 1 and 0.46 km SMF transmission, respectively.

SUMMARY OF THE WIDEBAND OFDM SIGNAL TRANSMITTED WITH DLM AND
THE PARAMETERS CONSIDERED

TABLE I

Data Bandwidth (GHz)

Modulation format

Data Rate (Gbps)

i) 64QAM 60
20 CS-1 32QAM 100
20 CS-2 32QAM 100
20 CS-1 64QAM 120
32 32QAM 160
40 (Optical DSB) 16QAM 160
40 (Optical SSB) 16QAM 160
40 32QAM 200

and DLM, respectively. Fig. 11 shows the scatter plots of suc-
cessfully equalized 40 GHz 16QAM (160 Gbps) and 40 GHz
32QAM (200 Gbps) signals after 1 km and 0.46 km SMF, re-
spectively, at areceived power of 0 dBm. The clear opening of the
constellations is a visual measure of the performance, indicating
a possibility of further BER reduction upon employing FEC.
Some interesting conclusions are drawn from all the results.
Firstly, the low relative intensity noise (~—170 dB/Hz) of optical
carrier from DLM source enabled the transmission of symbols of
higher cardinality. The BER performance of the optical carriers
from ECL and DLM are similar in most cases, whereas the
performance of DLM is better in the 40 GHz higher-order
QAM transmission case. This is because the wideband OFDM
signal has a relatively lower SNR as available finite energy is
spread across the bandwidth, and the low RIN from the DLM
supports this transmission. Secondly, shaped constellations are
advantageous since they have lower E than regular/square
constellations. For example, CS-1 64QAM used here is ~ 24%
energy efficient than regular 64QAM. However, very close
packing of constellation symbols can result in degraded BER
performance, as observed from CS-1 and CS-2 data transmission
results. We can extend this to study and optimise the constella-
tion shape to achieve the best possible power efficiency and
transmission performance [11]. Thirdly, we have demonstrated
almost similar performance of the transmission of wideband
SSB and DSB OFDM signals, with the possibility of improving
the performance of SSB signal by avoiding the optical amplifier.
Employing SSB modulation not only reduces the effect of fading
but also improves the reach and spectral efficiency, especially in
multi-channel systems.

5 |—"= 12253 5|—"n=1223 .
_|——r=125325 _|——r=12253 e
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Fig. 12.  Mutual information optimization for choosing the radii parameter for
the 32QAM-OFDM with constellation shaping.

Table I shows the summary of the data transmission results
deploying the optical output from DLM with various signal
bandwidths and modulation formats and with the corresponding
data rates. This discussed scheme can be employed in systems
employing analogue multiplexers (AMUX) and higher band-
width (> 100 GHz) MZM to scale up the data rates [13]. In
addition, a nonlinear equalizer, transmitter digital pre-distortion,
and a simple single-tap equalizer could extend reach and enhance
performance [14].

IV. CONCLUSION

Increasing capacity per lane in short-reach systems, espe-
cially in DC applications, has become crucial. With photonic
integration and wide wavelength tuning capability, the InP-
Si3Ny hybrid integrated DLM could potentially be deployed for
simple optical-domain re-configurable wideband multi-channel
systems. Integration of Si photonics-based modulators and lasers
will result in low power-driven, cost-effective pluggable trans-
mitters for high data rate intra/inter DC links [15]. The results
presented here for 200 Gbps per wavelength channel with
40 GHz 32QAM-OFDM, 160 Gbps per wavelength channel
(across C-band) with 32 GHz and 40 GHz OFDM signals, and
10 GHz/20 GHz regular and shaped constellation of 322QAM and
64QAM demonstrate the significant potential of re-configurable
wideband OFDM systems employing tunable and low RIN laser
sources for energy-efficient high capacity short reach systems.

APPENDIX

The use of shaped constellations of higher cardinality QAM
was to exploit the low RIN of the DLM. To choose the desired
constellation, we performed a simple optimization process by
varying the radius parameter for the shaped constellation set and
observed the mutual information (MI) at various signal-to-noise
ratios (SNR) as shown in Fig. 12. From Fig. 4(d), we estimated
an average SNR of the modulated signal of about 11 dB across
all the modulated subcarriers. In the simulation, we evaluated the
performance at this 11 dB SNR for both the shaped constellation
configurations and the zoomed-in plots are shown as insets in
Fig. 12(a) and (b) respectively. We observe that the MI perfor-
mance of sets with larger radius spacing in CS-1 outperforms the
ones with lower spacing and we chose the set r; = {12.53.5}
since it has optimum performance and has lower symbol energy.
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Similarly, we observe that the MI performance of the constel-
lation sets of CS-2 having a radial spacing of 1 and 1.5 units is
better compared to other configurations. Hence, we chose the
set 7; = {123} considering optimum performance and lower
symbol energy.

We also checked in the experiment the performance of these
constellation sets at a received power of 1 dBm and the perfor-
mance corroborated with the simulation. The relatively lower
value of the MI observed at this SNR translates to employing
an FEC with a larger overhead to achieve an arbitrarily low
BER after performing the error correction. Even though we have
performed only a preliminary optimisation for the constellation
radius, there is further scope to investigate the possible optimised
geometric configuration [16], [17].
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