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Abstract—One promising and competitive solution to keep up
with the rapid growth in data traffic while at the same time ad-
dressing increasing network cost, is the efficient reuse of legacy
optical fiber infrastructure. This is highly desirable as deployed
single mode fibers represent a valuable asset in the network while
new installations would require high additional investments. Multi-
band (MB) or ultra-wideband (UWB) systems, combined with high
symbol rates and higher-order modulation formats, are promising
solutions to capitalize the already existing fiber plants. In this con-
tribution, we experimentally demonstrate S-C-L-band reception
with 64 GBd dual-polarization (DP) 64-ary and 32-ary quadrature-
amplitude modulation (QAM) while using C-band components
off-the-shelf (COTS) such as DP-IQ modulators and coherent re-
ceivers. To achieve such broadband operation with components
that are not optimized for an out-of-band use, mitigation of the
associated penalties is decisive. To this end, we apply an end-to-
end electro-optical Volterra-based coherent system identification
followed by nonlinear digital predistortion of the transmitter. We
achieve 150-nm operation bandwidth of the transmission system
by performing only a single identification and predistortion at a
reference wavelength of 1500 nm.

Index Terms—C-band, fiber optics, L-band, nonlinear filters,
optical fiber communication, optical receivers, optical transmitters,
S-band, ultra wideband technology, wideband.
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I. INTRODUCTION

THE constant reduction of network cost in the context of
the continuing rapid growth in data traffic is a priority for

operators in order to prevent the forthcoming cost-per-bit crunch.
In this context, the global COVID-19 pandemic in 2020/2021
emphasized the critical role of digital global networks that fully
rely on the underlying optical infrastructure. Virtual private net-
work (VPN) and video conferencing traffic for remote working
has increased beyond 200% during the pandemic [1]. Since
workday traffic patterns are changing quickly, the pressure on
the existing network infrastructure is further growing. These
developments as well as the forthcoming capacity crunch, are
one of the priority concerns for operators and require inno-
vative approaches to increase the achievable capacity. This
increases the need for an efficient reuse of already deployed
optical fiber infrastructures, as these represent a valuable asset
in optical transmission systems [2]–[4]. In line with this goal,
multiband (MB) or ultra-wideband (UWB) dense wavelength
division multiplexing (DWDM) transmission, in combination
with high symbol rates and high-order modulation formats,
are an extremely promising solution to increase the capacity.
Applying high symbol rates in a MB system can reduce the
amount of transponders. Adding the currently introduced long
wavelength band (L-band) [5]–[8] to the conventional band
(C-band) increases the available bandwidth by 60 nm
(∼7.1 THz) and allows for up to 95 nm (∼11.5 THz) of total
bandwidth. However, extending transmission beyond the L-band
as a near- to short-term solution is seen as a key enabler towards
cost-effective capacity upgrades of commercial optical systems.
For that, the next step as a mid-term solution is to unlock the
benefits of other transmission bands such as the short wavelength
band (S-band) to further increase the available capacity of the
already deployed single mode fiber (SMF) and enable optical
networks to adapt to the highly dynamic traffic patterns. For such
a SMF capacity increase, the combination of S-C-L-band offers
the highest bandwidth while still operating within the minimum
loss regime of the transmission fiber. Here, the S-band can add
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additional 70 nm (∼9.4 THz) and enables a total combined
bandwidth of 165 nm (∼20.9 THz).

In this contribution we extend our previous experimental
work [9] by including a new section to further describe the
applied end-to-end electro-optical Volterra-based coherent sys-
tem identification (SI). We also incorporate in our analysis
additional insertion loss measurements of the used C-band
modulator and characterize the responsivity of the coherent
receiver over the S-C-L-band. In order to quantify the impact
of the used doped fiber amplifiers we added as well noise
figure measurements for each band. To further understand the
performance in the S-band, we include the spectra of the investi-
gated signal at different wavelengths and measurement points in
the setup.

Recently, experimental research of MB systems with
S-C-L-band transmission over SMF for high capacity systems
has gained substantial attention in the community. Today, such
systems rely on non-commercial prototypes for amplification
such as broadband semiconductor optical amplifiers (SOA) [10]
or a combination of Erbium-doped fiber amplifier (EDFA) for
the C+L-band with distributed Raman amplification for the
S-band [11]. With the accessibility of commercially available
Thulium-doped fiber amplifiers (TDFAs) for the S-band, further
solutions that combined EDFAs and TDFAs with either discrete
Raman [12] or distributed Raman amplification [13] have been
demonstrated. To further overcome performance limitations in
the S-band different solutions including probabilistically shaped
(PS) 64-QAM [10], lower channel symbol rates [11], [13] or
customized wavelength-dependent modulation formats such as
geometrically shaped (GS) constellations [12] are used. Cur-
rently, due to unavailability of commercial S-band transpon-
ders, the only option is to use standard C-band components-off
the shelf (COTS) such as modulators and coherent receivers.
However, these components are not optimized for an out-of-
band use. In order to transmit high symbol rates while us-
ing conventional higher-order QAM modulation formats with-
out non-commercial Raman or SOA amplification in the
S-band, mitigation of the associated penalties will be essential to
achieve similar performance as in the designed target wavelength
band.

In this contribution, we experimentally characterize the
wavelength-dependent degradation of an MB optical trans-
mission system and study the feasibility of an S-C-L-band
transmission by wavelength-tuning of a single channel in a back-
to-back (b2b) scenario. We investigate the system performance
at a symbol rate of 64 GBd with dual-polarization (DP) 64-
and 32-QAM (further called 64-/32-QAM), by utilizing standard
C-band COTS. Here a commercially available Lithium Niobate
(LiNbO3) DP in-phase and quadrature (IQ) modulator and a
phase- and polarization-diversity free-space 90° optical hybrid,
as part of the coherent receiver, are used. The performance in
the S-C-L-band is evaluated regardless of the used modulation
format by characterizing the full end-to-end channel. This in-
cludes the optical modulator, optical and electrical amplifiers,
and the optical receiver. Furthermore, all required electronics
such as digital-to-analog converters (DAC) and analog-to-digital
converters (ADC) and the digital signal processing (DSP) at the

transmitter and the receiver sides are included in the investi-
gated end-to-end channel. To quantify the system performance,
metrics such as the effective end-to-end signal-to-noise ratio
(SNReff) [14] and the bit-error ratio (BER) at the input of the
decision circuitry are used. Since the transmission system is
fully characterized, the performance can be further improved for
out-of-band use by employing higher RF-power into the mod-
ulator, thus increasing the optical output power, and applying
the concept of nonlinear digital predistortion (NLPD) [15] to
overcome the introduced nonlinearities in the transmitter. The
higher output power can directly be translated to an increase in
SNReff and an reduction in the noise figure for optical amplifiers.
The SI consists of modeling the optical transmitter as a truncated,
time-invariant Volterra series, which permits the NLPD to de-
rive an inverse filter that compensates for component-induced
distortions. This can be used to identify and mitigate distortions,
i.e., reduce the optical signal-to-noise-ratio (OSNR) penalty
and hence allow for standard C-band modulators and coherent
receivers to be used in unconventional bands. For that, a single
NLPD that is based on a SI at 1500 nm will be applied in
this work. Thus, the same modulation format and predistortion
filter (that is based on one set of kernel coefficients) can be
used across all wavelengths. This is based on results presented
in [16] where no significant gain in achievable Q2 factor was
obtained by performing SI and NLPD per-wavelength for each
investigated channel. A single SI and NLPD, as used in this
work, reduces the characterization effort and computational
complexity since the same filter kernel coefficients can be ap-
plied across all wavelengths for a MB/UWB system in contrast
to an autonomous digital predistortion scheme for multiband
as shown in [17], a custom PS-QAM in [10] or per wave-
length optimizations and custom GS constellation formats as
in [12]. We employ an end-to-end Volterra-based coherent SI
method to characterize the full end-to-end transmission system,
as described in [18] and combine it with the NLPD scheme
reported in [24]. With that, we achieved a usable bandwidth
of ∼150 nm for 32-QAM and ∼140 nm for the 64-QAM sig-
nals at a BER below the soft-decision forward-error correction
(SD-FEC) threshold (at 2 ∗ 10−2) in a b2b configuration. In
comparison to the application of only linear predistortion, an
order-of-magnitude BER reduction (1.59 dB in Q2) is achieved
for the 32-QAM signal with the nonlinear predistortion scheme
at a wavelength of 1500 nm. Furthermore, an improvement up
to 1.2 dB in SNReff for the 32-QAM and the 64-QAM signals
were measured.

The remainder of this paper is structured as follows. The
used end-to-end Volterra-based coherent system identification
including the applied experimental setup and further details on
the applied DSP are provided in Section II. The experimental
setup for the system performance evaluation in the S-C-L-band
is provided and explained in Section III. As part of the exper-
imental results and discussion in Section IV, b2b characteri-
zations are provided in the S-band at 1500 nm as well as in
the C-band at 1550 nm as a reference point for the originally
intended wavelength of the system. Here, the performance of
the linear and the nonlinear predistortion are compared and
discussed. Furthermore, the performance of a single channel
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Fig. 1. Experimental setup and the offline Rx DSP for the Volterra based end-to-end coherent system identification (SI, green) in the S-band, including the linear
or nonlinear digital predistortion (LPD, NLPD, purple) block that is based on an indirect learning architecture (ILA). Both pre-distortion filters enable the creation
of the waveforms for later performance assessment. TDFA: Thulium-Doped Fiber Amplifier. Tx/Rx: Transmitter/Receiver. DSP: Digital Signal Processing. PC:
Polarization Controller. DAC: Digital-to-Analog Converter. VOA: Variable Optical Attenuator. LO: Local Oscillator. RTO: Real Time Oscilloscope. RS: Resampling.
FOC: Frequency Offset Correction. TR: Timing Recovery. CPE: Carrier Phase Estimation. EQ: Equalization.

in the investigated b2b scenario at maximum OSNR over the
full S-C-L-band is measured and compared between 32- and
64-QAM while applying NLPD. In addition to the performance
characterization, measurements of the TDFA and EDFA noise
figures in the S-C-L-band are added. The individual component
characterizations of the modulator and the coherent receiver as
well as signal spectra in the S-band are presented in Section V.
At last, the main conclusions and considerations are drawn in
Section VI.

II. END-TO-END COHERENT SYSTEM IDENTIFICATION

In order to characterize the distortions induced by the out-
of-band use of the C-band COTS, we employed an end-to-end
coherent SI as reported in [18]. To compensate the transmit-
ter impairments from a full end to end SI, by the means of
predistortion, we removed as a first step the static distortions
purely originated from IQ skew, 90° phase error, IQ imbalance
and frequency response induced by the optical coherent receiver
frontend (CRF) and the real time oscilloscope (RTO). For that,
we performed an offline receiver calibration at 1550.116 nm
(193.4 THz) assuming a calibrated C-Band receiver would be
available in a potential future multiband transmission system.
For that, one continuous wave (CW) from an external cavity
lasers (ECL) is launched into the local oscillator (LO) input
and one CW into the signal input. They are used to measure
the transfer function and the 90° phase error of the coherent
receiver over±70 GHz (in ref. to 193.4 THz) by tuning the signal
CW accordingly. The derived results are used to compensate the
above mentioned impairment of the receiver after each signal
acquisition. This is done for all following identification as well
as later performance measurements, in the receiver DSP to create
a calibrated coherent C-band receiver.

The experimental setup that is used as second step for the
end-to-end electro-optical Volterra-based coherent SI in the
S-band at 1500 nm is shown in Fig. 1. This wavelength in the
center of the S-band is selected according to the results in [16].
We performed an identification of the full transmission system
in the S-band with a DAC operated at 120 GS/s with a 3 dB

bandwidth of up to 45 GHz. The 120 GBd DP-16-QAM probe
signal (yellow box in Fig. 1) was generated using a 215 random
bit sequence at one sample per symbol (i.e., no pulse shaping
was applied). The 120 GBd probe signal does not include any
predistortion and ensures that the identification of the transmitter
(i.e., the later derived Volterra model) covers sufficient frequency
components to guarantee that no restriction in the frequency
domain is present and further head room for a later symbol rate
increase is available. Since the probe signal for the SI needs to
excite multiple DAC levels, a modulation format with a high
cardinality is required. However, impairments of the signal will
limit the maximum usable cardinality and a DP-16-QAM signal
at 120 GBd is an ideal format for a probe signal, since it is more
resilient to impairments when compared to higher cardinalities.
Further details regarding the experimental setup and the used
optical equipment to generate and capture the probe signal are
provided in Section III. After signal acquisition the receiver
impairments are compensated and the signal is passed to the
offline Rx DSP as shown in the right hand part of Fig. 1. To
measure the nonlinear system distortions independently for each
quadrature and polarization, the four received quadrature’s (XI,
XQ, YI, YQ) of the optical probe signal must be separated in
the DSP without any equalization. As a first step, the distorted
probe signal is resampled (RS) to two samples per symbols
(SPS) and the frequency offset is removed [19] (if needed).
Following that, a blind single-tap polarization de-multiplexing
based on a Stokes-space approach [20] is performed. In order
to synchronize the transmitted and received waveforms a tim-
ing recovery (TR, i.e., a clock phase recovery) is performed.
In order to de-couple the IQ components, the phase noise is
removed by a ‘genie’ carrier phase estimation (CPE) with full
knowledge on the transmitted sequence [21]. The received and
normalized signal, as well as the transmitted samples of the
120 GBd DP-16-QAM probe signal (yellow box at the right
side in Fig. 1), are finally provided to the Volterra SI block
(green box within Fig. 1). To identify the experimental setup,
a truncated and time-invariant, third-order Volterra series with
memory lengths of 512, 20, 20 taps, as used in [18], is derived.
These kernels are obtained with a least square estimation [22]
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Fig. 2. Experimental setup used for multiband back-to-back (b2b) characterization of BER, OSNR and SNReff vs. wavelength. Green letters (a-c) represent
the measurement points for signal spectra (see Fig. 7). ECL: External Cavity Laser. Tx/Rx: Transmitter/Receiver. PC: Polarization Controller. PMF: Polarization
Maintaining Fiber. SMF: Single Mode Fiber. VOA: Variable Optical Attenuator. LO: Local Oscillator. OSA: Optical Spectrum Analyzer. RTO: Real Time
Oscilloscope.

and describe the linear as well as the nonlinear distortions
of the transmission system for each quadrature individually.
Following the SI, a predistortion filter (purple box in Fig. 1)
is synthesized for up to 96 GBd using an indirect-learning
architecture (ILA) [23]. The filter is applied for performance
evaluation in Section III and IV in order to assess the ability
to mitigate the nonlinearities caused by the system including
additional penalty caused by the out-of-band use. For the NLPD
of the identified system, a filter with a kernel memory lengths
of 512, 9, 9 taps, as proposed in [18], is created. This enabled
the mitigation of the linear frequency response including skew of
the system and of the wavelength independent nonlinear transfer
characteristics, in particular, of the sinusoidal modulator, and of
the nonlinear DAC and driver amplifier (DA). The used ILA
and the applied NLPD scheme are further explained in [24]. As
already described earlier in Section I, the SI and NLPD results
obtained at 1500 nm (i.e., the derived digital predistortion filter
for waveform creation in the Tx DSP) are applied to transmit
data at all investigated wavelengths across the S-C-L-band.
This reduces the computational complexity since the same filter
kernel coefficients can be applied across all wavelengths in a
MB/UWB system, thus avoiding multiple regressions of the
least-square method.

III. EXPERIMENTAL SETUP FOR SYSTEM EVALUATION

The experimental setup used to evaluate the system perfor-
mance is shown in Fig. 2. The 64 GBd 64/32-QAM signals for
the S-C-L-band are all generated using a single commercially
available C-band LiNbO3 DP-IQ modulator. An ECL with
Pout = 0 dBm and <100 kHz linewidth is amplified in front
of the modulator to 16 dBm by a TDFA for the S-band EDFA
for the L-band while the C-band signal is directly created from a
separate ECL (Pout = 16 dBm, <100 kHz linewidth). The setup
covers wavelength ranges of 1460-1530 nm, 1528-1562 nm and
1560-1608.8 nm, covering the S-C-L-band. A 120-GS/s, 8-bit, 4
channel DAC is used to drive the modulator via four linear driver
amplifiers (DA). The end-to-end electro-optical Volterra-based
coherent SI is performed only once at 1500 nm. From that SI,

Volterra kernels up to third order are derived to describe all linear
and nonlinear distortions of the system as already described in
Section II. The created transmitter waveforms include data-aided
header and Nyquist pulse shaping with a root-raised cosine
(0.1 roll-off). Following that, a NLPD filter is created with a
kernel memory length of 512, 9, 9 taps, as investigated in [18]
using the concept in [24], to mitigate the sinusoidal modulator
and the nonlinear DAC/DA transfer characteristic. In order to
compare the NLPD filter with a pure linear digital predistortion
(LPD), we created an LPD filter that is based on the same setup
(i.e., SI) using only first order Volterra kernels with 512 taps
memory to compensate only for the linear frequency responses.
These waveforms are used for all wavelengths. At the receiver,
per band amplification based on a TDFA for the S-band and
individual EDFAs for the C- and the L-band are used. In case
of the BER and SNReff vs. OSNR characterization (Fig. 3)
an additional variable optical attenuator (VOA) in front of the
receiver amplifier stage is used to perform a variation of the
OSNR by noise loading. The OSNR is measured at the output
of that amplification stage and the signal is mixed with the local
oscillator (LO) in the 70 GHz CRF comprising a free-space 90°
optical hybrid. For C-L-band, two separate ECLs are used as LO
to perform intradyne coherent reception. In case of the S-band,
the ECL in front of the transmitter is splitted and 25% of the light
is used as LO to enable a self-homodyne coherent reception
to overcome the lack of a second S-band ECL. The outputs
of the CRF are subsequently digitized at a sampling rate of
200 GS/s using a four channel RTO with 70 GHz analog electri-
cal bandwidth. The offline DSP at the receiver includes optical
frontend corrections (based on 1550 nm calibration), resampling
to two SPS, data-aided carrier-frequency offset compensation
and equalization [25], as well as a blind phase search for carrier
phase estimation (CPE). This is followed by a real-valued 4x4
multiple-input and multiple-output time-domain equalizer (with
15 taps, T-spaced) adaption based on a decision directed least-
mean square (DDLMS) criterion to compensate for residual
modulator I/Q imbalances and phase errors [26]. As with the
block length of the CPE, the used step-size (µ) of the DDLMS
equalizer is optimized to minimize the BER values by a brute



1364 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 40, NO. 5, MARCH 1, 2022

Fig. 3. (a) B2b BER and (b) SNReff for 64 GBd PDM-64 QAM (square and diamond symbols), (c) B2b BER and (d) SNReff for 64 GBd PDM-32-QAM (circle
and octagon symbols). Plotted versus the OSNR (in 0.1 nm) for linear predistortion (PD) (hollow symbols) and nonlinear PD (filled symbols) at 1500 nm (S-band,
blue) and 1550 nm (C-band, orange) including the corresponding wavelength dependent AWGN and SNReff theory values as well as the SD- / HD-FEC limits.

force search per wavelength to ensure ideal performance of the
receiver DSP. Finally, the SNReff and the pre-FEC BER at the
decision circuit are calculated after symbol-to-bit demapping by
processing of at least 5 million bits per wavelength.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 3(a), (c) provides the BER result of the b2b charac-
terization for 1500 and 1550 nm with LPD and NLPD for
64-QAM and 32-QAM signals as a function of the OSNR. The
wavelength dependent additive white Gaussian noise (AWGN)
curves and the used SD-FEC (2 ∗ 10−2) and hard-decision-FEC
(HD-FEC, 3.8 ∗ 10−3) thresholds are included. For 64-QAM
in Fig. 3(a) at 1500 nm (blue), we observe an error floor at a
BER of 6 ∗ 10−3 for LPD (hollow square symbols) which can
be improved to 2 ∗ 10−3 with NLPD (filled square symbols)
at the maximum OSNR of 44.5 dB. This allows the reception
with a BER below the HD-FEC threshold at around 38.5 dB
OSNR. The corresponding curves for 1550 nm (orange), are
added as reference for the designed target performance in the
C-band and yield a BER of 1.3 ∗ 10−3 with NLPD (filled
diamond symbols) at 44.3 dB OSNR. Please note that the
maximum OSNR in the C-band is 48 dB. However, due to
the error floor, no significant BER improvement is observed
at an OSNR higher than 44 dB. The OSNR in the S-band is
limited by the higher noise figure of the TDFA (see as well
Fig. 6) and the transmitter laser setup. In the case of 32-QAM at
1500 nm (blue curves with circles) in Fig. 3(c) a maximum BER
improvement from ∼9 ∗ 10−4 to ∼9 ∗ 10−5 (Q2 improvement
of 1.59 dB) can be achieved with NLPD at 41 dB OSNR, that
is reduced to 1.35 dB in Q2 for maximum OSNR. Fig. 3(b),
(d) shows the measured SNReff (estimated at the soft-demapper
input assuming circularly symmetric Gaussian distributed noise)
and the wavelength dependent AWGN theory vs. OSNR for 64-
and 32-QAM, respectively. Both modulation formats saturate at
the maximum available SNReff that is limited by the transmitter
and the receiver components as well as the wavelength. At low

Fig. 4. B2b BER for 64 GBd DP-64/32-QAM as a function of the wavelength
for S-C-L-band measurements. All results are based on NLPD, the reference
wavelengths (1500 nm blue and 1550 nm orange horizontal dotted lines) from
the BER vs. OSNR characterization are included.

OSNR values, 64- and 32-QAM approach their theory curves per
wavelength, offset by the implementation penalty. Applying the
proposed single identification and predistortion at the reference
wavelength of 1500 nm to both investigated wavelengths, an
improvement of up to 1.2 dB in SNReff for the NLPD (filled sym-
bols), compared to the LDP (hollow symbols), can be realized as
shown in Fig. 3(b), (d). This findings substantiate the discussed
BER improvements in Fig. 3(a), (c). At this wavelength in the
S-band, 64- and 32-QAM reach a similar SNReff performance
at high OSNR with only minor deviation for reduced OSNR.
Comparing the SNReff results for NLPD (filled symbols) at
1500 nm with 1550 nm in Fig. 3(b), (d), a delta of ∼0.5 dB
for both formats at 44.2 dB OSNR is present. Here the S-band
performed worse compared to the C-band. These results are in
contrast to the expectation considering the difference given by
the theory curves, with a delta of −0.285 dB, were the S-band
performs better compared to the C-band. The penalties in the
S-band are attributed to residual impairments, such as splitting
ratio mismatch (resulting in a reduced extinction ratio of the
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Fig. 5. (a) Maximum OSNR (in 0.1 nm) and SNReff for DP-32-QAM and
(b) transmitter output power as well as SNReff for DP-64-QAM. All points are
plotted as a function of wavelength for the S-C-L-band measurements.

Fig. 6. Noise figure for the three S-C-L-Band amplifiers as a function of the
wavelength based on the individual transmitter output power (see of Fig. 5(b)
Tx Psig) of each channel under test. Amplifiers under investigation are shown
in Fig. 2 between the green letters b and c.

Mach-Zehnders) and 90° phase error (between I and Q) caused
by the C-band modulator. Additionally, amplitude imbalance,
skew difference, and 90° phase errors of the coherent receiver
may not corrected completely and degrade the performance in
the S-band further. The residual impairments of the modulator
and the receiver cannot be compensated completely by the ap-
plied nonlinear predistortion. The wavelength dependent theory
curves for SNReff in dB as a function of the OSNR are calculated
as follows:

SNReff [dB] =

10 ∗ log10
(
OSNR [lin] ∗Δf [GHz])

symbol rate [GHz]

)
(1)

where OSNR[lin] is the linear value of the corresponding OSNR
that is multiplied with the wavelength depend delta (Δ) f value
in GHz. The symbol rate in GHz is fixed to 64 in this experiment.
Delta f at 1550 nm is 12.476 GHz and at 1500 nm it is
13.321 GHz, this is based on the relation at 1548.515 nm
(193.6 GHz) where Δf is 12.5 GHz (0.1 nm) as defined in [27].

Fig. 4 shows the results for the BER vs. wavelength charac-
terization at a spacing of 10 nm starting from 1460 nm up to
1608.8 nm. Here, the same SI and NLPD, based on the fixed
wavelength of 1500 nm, were used for all bands. As shown in
Fig. 4, 32-QAM signals (circles) can be received from 1460 nm
up to 1608.8 nm, while 64-QAM (squares) can only be received
from 1470 nm to 1608.8 nm, with a BER below the SD-FEC. For
both formats, the achievable BER in the L-band is comparable
to the C-band, with negligible differences. For S-band signals at
1460 nm as well as 1530 nm, a penalty is observed that results in
a severe performance degradation. This is caused by the limited
per-channel output power and the increased out-of-band noise of
the TDFA at these points (as shown in Fig. 7). This degradation
is confirmed in the corresponding OSNR data in Fig. 5(a).
The maximum achievable OSNR (green-border circles) and the
SNReff (purple triangles) for 32-QAM are shown in Fig. 5(a)
over the same wavelength range. The OSNR values for 64-QAM
are not plotted, however the data of 32-QAM can be used for
64-QAM in good approximation (deviation in OSNR below 0.1
dB). Comparing the achievable SNReff (purple-border triangles)
for 32-QAM in Fig. 5(a) with the values for 64-QAM in Fig. 5(b),
only minor variations, typically below 0.3 dB, are present. The
output power (red-border square symbols) out of the modulator
for 64-QAM is provided in Fig. 5(b). The values for 64-QAM
apply as well for 32-QAM. The output power reduction for the
highest and the lowest wavelength (i.e., 1460 nm and 1530 nm)
in the S-band is further confirmed by Fig. 7(b). For the L-band
in Fig. 5(b) we observe a reduction in transmitter output power
for higher wavelength that is caused by the non-ideal Tx laser
setup as shown in Fig. 2. However, the OSNR in the L-band is
not affected by this reduction. Since the BER in the L-band did
increase for higher wavelength, the reason must be the receiver
as show in Section V. Please note, that all OSNR values are
measured for a noise power density referred to 0.1 nm (equal to
12.5 GHz) at 1548.515 nm (193.6 THz). This is subsequently
corrected for wavelength dependency according to [27]. The
wavelength dependent OSNR correction can be expressed as:

OSNRf [dB] =

OSNR193.6 THz − 20 ∗ log10
(

f [THz]

193.6 THz

)
(2)

here the OSNRf in dB at the measument frequency f is equal to
the OSNR obtained at 193.6 THz minus the logarithmic value
of the ratio between the measument frequency f in THz and
193.6 THz. To further quantify the impact of the used doped
fiber amplifiers on the system performance and the achievable
OSNR, Fig. 6 summarizes the NF for each amplifier at the output
of the modulator. Here the increased NF in the S-band, compared
to C- and L-band, is evident.



1366 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 40, NO. 5, MARCH 1, 2022

Fig. 7. S-Band signal spectra including channel power (excluding out-of-band noise) for 1460 nm,1500 nm and 1530 nm according to measurements points in
the experimental setup (see green letters in Fig. 2). (a) Shows the amplified laser spectrum at the input of the modulator. (b) The modulated signal at the output of
the modulator. (c) Represents the signal spectrum at the input of the coherent receiver before attenuation.

Finally the 3 different plots shown in Fig. 7(a)−(c) represent
the individual measured spectra for 1460, 1500 and 1530 nm in
the S-band at the points that are highlighted by green letters in the
experimental setup (Fig. 2). The input signal into the modulator
is plotted in Fig. 7(a) and consists of the CW from the multiband
ECL that is amplified by the first TDFA. This signal is also used
as LO for the CRF, although with less power due to the 25/75 %
coupler after the TDFA. Here the OSNR degradation/limitation
caused by the additional amplifier after the ECL is especially vis-
ible at 1460 and 1530 nm. This is also confirmed by the reduction
of channel power compared to 1500 nm. Fig. 7(b) represents the
modulated signal at the output of the transmitter. The reduction
in total power per channel is caused by the intrinsic insertion
loss (IL) as well as the modulation induced loss (dependent on
RF-power) of the modulator. The delta between Fig. 7(a) and
(b) is equal to the wavelength depend loss of the transmitter
as shown for S-C-L-band in Fig. 8(a). After the transmitter, a
second TDFA is used to boost the signal power in front of the
coherent receiver. This amplifier changes the power distribution
over wavelength as shown in Fig. 7(c). Comparing 1460 nm and
1530 nm with 1500 nm does further explain the BER increase
at these two wavelengths in Fig. 4. This is purely caused by the
used S-band TDFA rather than by the NLPD processing. The
per channel power delta (i.e., the gain ripple of the amplifier) in
this case is in the order of 7 dB (i.e., 9.8 dBm and 9.9 dBm to
16.8 dBm). The root cause for this degradation is the increase in
out-of-band noise of the TDFA that did reduce the power at the
target wavelengths. For 1530 nm a C-band EDFA is the logical
choice as already shown in Fig. 4. However, at this point in
time no alternative amplification for 1460 nm is commercially
available and the performance degradation limits the usability
of the system at this wavelength.

V. MODULATOR AND COHERENT RECEIVER MEASUREMENTS

In order to further explain the measured performance for
the investigated COTS within a multiband use case, additional
characterizations of the modulator and the coherent receiver are
performed. The total combined insertion loss of the used LiNbO3

modulator within the transmitter is given in Fig. 8(a) by the
square hollow symbols over the investigated wavelength range.

Fig. 8. Insertion and modulation induced loss (a) of the transmitter and respon-
sivity for the LO-path (b) and the signal-path (c) for the coherent receiver. All
points are plotted as a function of wavelength for the S-C-L-band measurements.

The plotted loss on the y-axis did include the component based
IL as well as the loss that is caused by driving the modulator
with a limited RF-signal, this is also referred to as modulation
induced loss. In order to measure this parameter, a multiband
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ECL was used and the output power profile was calibrated. The
drive signal into the modulator was set to 64 GBd 64-QAM.
The loss values at 1460, 1500 and 1530 nm can be extracted
as well in good approximation from the delta in power level
provided in Fig. 7(a) and (b). Over all the LiNbO3 modulator
shows a relative flat frequency dependence and hence can be
used for a multiband system with only minor penalties in the
L-Band that can easily be overcome by optical amplification.
For comparisons, we added measurements of an InP based
DP-IQ modulator (from ID-Photonics). The results are included
in Fig. 8(a) as hollow triangles symbols. For that modulator we
observe a strong wavelength dependence with slight increased
loss in the L-band and a strong increase within the S-band. This
results in a C/L-band only use case for this modulator type,
since the loss in the S-band is too severe to be compensated by
amplification.

To complete the measured system performance investigations,
we summarized the characterization of the coherent receiver by
plotting the responsivity (R), of the signal- and the LO-path, as
a function of wavelength in Fig. 8(b), (c) for all four outputs.
The same multiband ECL with a calibrated output power profile
was used for individual measurements of the signal and the LO
input. For both input ports, the ideal performance is observed in
the C- and the higher S-band (1500–1565 nm), while the R in
the L-band is further reduced at wavelength above 1585 nm. The
same behavior is present in the S-band below 1500 nm, and can
be worse compared to the L-band below 1480 nm. Additionally,
in the lower S-band wavelength range we observe a polarization
dependence such that the responsivity of the Y-polarization
(hollow square and plus square symbols in Fig. 8(b), (c)) is
further reduced compared to the X-polarization. To overcome
the limitation in the S- and the L-band the power into the coherent
receiver can be optimized per wavelength as done for the system
performance measurements with the Rx-VOA in Fig. 2. In case
of the lower wavelengths in the S-band, this is not possible since
the amplified power per channel out of the TDFA is not big
enough (see Fig. 7(c)) to overcome the drop in R. This does
directly results in a limited swing on the RTO and would cause
further penalties if the ADC scaling factor were not adjusted
accordingly.

VI. CONCLUSION

We investigated the feasibility of using standard C-band mod-
ulators and coherent receiver in the S-C-L-band with 64 GBd
dual-polarization- (DP) 64-QAM and DP-32-QAM signals by
performing a single end-to-end electro-optical Volterra-based
coherent system identification (SI) at 1500 nm and applying
the same nonlinear digital predistortion (NLPD) for all inves-
tigated wavelengths. Since the transmission system is fully
identified by the SI, an increased RF-power into the modula-
tor can be utilized to reduce the optical signal-to-noise-ratio
penalty while the added distortions are mitigated by the NLPD.
It was shown that DP-64-QAM can be received over 140 nm,
while DP-32-QAM can support up to 150 nm bandwidth with a
bit-error ratio below the hard-decision forward-error correction
threshold. This enables transmission with up to 600 Gb/s net

data rate per channel in the unconventional S-band as well as
in the C- and in the L-band. The SI and NLPD at 1500 nm
yielded an improvement in BER by an order-of-magnitude (from
∼9 ∗ 10−4 to ∼9 ∗ 10−5) for DP-32-QAM compared to pure
linear predistortion. By adding the S-band for transmission, a
large increase of the usable bandwidth of the single mode fiber
(beyond a C/L-multiband system) is supported with standard
C-band modulators and coherent receivers while using commer-
cially available thulium-doped fiber amplifiers and conventional
higher-order QAM modulation.
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