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Abstract—As optical transceivers evolve towards 200G per
lane, the comparatively low bandwidth and sampling speed of the
commercially available high-speed DACs and ADCs increasingly
become the dominating obstacle towards success. On the other
hand, DACs and ADCs are essential to make use of digital signal
processing for impairment compensation and error correction;
altogether driving systems engineers to a hard design dilemma.
With the purpose of alleviating this compromise, we propose a
transceiver structure – encompassing both hardware and
software – enabling the generation, transmission, and detection of
strongly over-filtered data signals whose baudrate exceeds the
sampling rates of (potentially) both the DAC and ADC. We call
this approach sub-baudrate sampling, a technique which does not
increase the processing complexity at the transmitter side and
does not even require the information about the channel state for
pre-distortion or pre-coding purposes. We experimentally assess
the performance of sub-baudrate sampled signals in two blocks
of experiments: first the proof of concept in back-to-back
configuration, including up to 112Gbaud on-off keying at 0.785
samples per symbol in ~25-GHz aggregate bandwidth. And then
the C-band transmission demonstration, showing up to
100Gbaud quaternary pulse-amplitude modulation (0.92 samples
per symbol) and 125Gbaud on-off keying (0.736 samples per
symbol) over 1 and 80-km of singlemode fiber respectively with
more than 3-dB receiver sensitivity margin at the 7%-overhead
hard-decision bit error-rate limit.
Index Terms—Digital signal processing, faster-than-Nyquist,
optical fiber communication, very high-speed modulation

I. INTRODUCTION

F

ueled by the unrelenting growth in network traffic and the
continuous evolution of its segmentation and traffic
patterns, the optical communications industry has been
concurrently challenged to develop ever faster and more
flexible/diverse transceivers. In this goal, the exploitation of
digital signal processing (DSP) and therefore the underlying
improvement of the corresponding digital-analog and analogdigital sampling electronics (DAC and ADC) has been truly
essential; not only to keep up with the traffic pace, but also to
do it in a broad-sense efficient manner. Examples include the
transition from 28-Gbaud quadrature phase-shift keying
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(QPSK) in 2010 to current 60+Gbaud single-carrier coherent
systems with adaptive coded modulation; and the transition of
intensity-modulation/direct-detection (IM/DD) systems from
10-Gbaud uncoded on-off keying (OOK) to 56-Gbaud coded
4-ary pulse amplitude modulation (PAM4) per lane.
Nonetheless, with no cease in sight for the traffic trends and
with the sampling hardware and electronics reaching close to
fundamental operation limits, next-gen systems featuring
bitrates per dimension of 200 Gbps and beyond (i.e. 1-Tbps
single-carrier coherent or 4x250Gbps IM/DD) seem distant
from today’s possibilities.
This outlook has led to the recent consideration of
alternative sampling technologies to standard CMOS, like InP;
a platform that has proven very high gain, large bandwidth
transistors, and that has been employed in several hero
experiments both in coherent [1,2] and IM/DD systems [3,4].
Unfortunately, InP is a scarce and brittle material with
relatively low yield which has hence remained industrially
outshined by CMOS’ production ease, its integrability with
DSP implemented in application-specific integrated circuits
(ASIC), fine resolution, and its low switching consumption
and cost. Good reasons sustaining a trend not expected to
decline. Then barring punctual application cases, the positive
balance ensures that CMOS will be preferred for various nextgeneration transceivers, making an urgent case for effective
solutions alleviating CMOS’ inherent limitation in bandwidth
and sampling speed. This is the purpose of our investigation,
where we explore the potential of operating high-speed optical
transmission systems under 1 sample per symbol as a means
of relaxing the design specifications of the DAC and ADC –
i.e. sampling rate, resolution, or consumption – while keeping
practical and performant.
In this very same context, various other research efforts
have likewise focused on pushing the baudrate beyond the
system’ sampling rates, for which DSP turns to be an
undisputable cornerstone. One family of DSP-based solutions
comprehends those exploiting Faster-than-Nyquist (FTN)
signaling [5-6], a well-known generation technique which may
be used to improve the information rate for a given bandwidth
by forcing a controlled degree of inter-symbol-interference.
One recent example of FTN signaling applied to coherent
systems showing aggressive transmitter-side sub-baudrate
sampling (<0.9 samples per symbol, sps) is [7], demonstrating
121-Gbaud polarization-multiplexed QPSK with 92 GS/s
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Fig.1 DSP routine to generate (Transmitter DSP) and receiver (Receiver DSP) multi-level data signals at less than 1 sps. Top right, we
show the schematic arranegement of some spectral characteristic parameters of a standard Nyquist sampler. Bottom left, a table collecting
the condsidered parameters of the major DSP blocks.

DAC – i.e. 0.76 sps. Concerning IM/DD systems we may
consider [8], which reports on the successful detection of a
94 Gbaud PAM4 signal employing an 80 GS/s DAC-ADC
pair – 0.84 sps at both transmitter and receiver, for a total
gross line rate of 188 Gbps.
In this work, which builds upon [9], we investigate the
potential of commercial ~30-GHz bandwidth DAC-ADC pairs
to run at more than 100 Gbaud and up to 200 Gbps. For that,
we choose to focus on receiver-side DSP to make possible
reliable signal recovery, differentiating our system from FTN
counterparts in the low complexity of the transmitter-side
DSP, and the independence of the generation technique from
the static channel state information. Concretely, sub-baudrate
sampling is simply executed at the transmitter via first,
aliasing control in the frequency domain, and then, signal
resampling to hit the target baudrate. For its part, the receiver
is conceived to compensate for all the resulting inter-symbol
interferences and low-pass limitations, which we customarily
consider predominantly linear. This is performed trough feedforward equalization and maximum-likelihood sequence
detection, whose parameters are optimized to minimize the
computational complexity – i.e. computation time in our case.
The collected experimental results notably support the
proposed approach and DSP arrangement, from which we
highlight two of the demonstrations: first, the successful
detection of a transmitter- and receiver-side sub-baudrate
sampled OOK at 125Gbaud – as low as 0.736sps, after 80-km
of singlemode fiber (SMF). And second, the C-band
transmission of a sub-baudrate sampled 100Gbaud PAM4
(200Gbps gross) over 1-km of SMF and less than 35-GHz
analog bandwidth with a sensitivity margin of 4dB; showing
the potential of our system to operate with severely impaired
PAM schemes at very high speeds.

The paper is organized in four sub-sections. Following the
introduction, Section II covers the conceptual explanation of
the fundamentals enabling sub-baudrate signal sampling, as
well as a detailed description of the DSP routine to generate
and detect such signals. Section III encompasses the full
experimental study, from testbed and tests description to the
analysis of the results. Finally, Section IV synthesizes the
findings and concludes the work.
II. SUB-BAUDRATE SAMPLING:
CONCEPT AND DIGITAL SIGNAL PROCESSING
As per the Nyquist sampling theorem we know that a given
bandlimited continuous-time signal can be discretized and
then unequivocally reconstructed from these samples only if
the sampling frequency is at least twice the highest frequency
component of the signal. An immediate corollary is that the
actual signal content or its amplitude and time-domain
characteristics are irrelevant for reconstructing the continuoustime equivalent signal without loss of information, and if they
are relevant, they will be as per other criteria or theorems –
e.g. Nyquist inter-symbol interference-free (ISI-free) criterion.
We substantiate our investigation on these premises.
Considering a data communication system, they allow for a
mode of operation in which the ratio between the baudrate
(time-domain figure) and the sampling frequency (frequencydomain) shall be decorrelated up to a certain extent. Provided
that the end-to-end bandwidth is enough, and/or the
transceiver can manage strong band-limiting distortions – as is
our case via DSP; we show how reliable communication at
well under 1 sample per symbol (sps) at both transmitter (Tx)
and receiver (Rx) sides – i.e. baudrate higher than sampling
rate – is both doable and simple.
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Fig.2 Schematic diagrams of the experimental testbeds employed for evaluating the BER performance of sub-baudrate sampled signals
above 100Gbaud. For reference, we indicate the corresponding 3-dB electrical bandwidth of each hardware component underneath the
corresponding module. The two top communication chains correspond to the ones employed for the PoC in back-to-back configuration.
The bottom chain is the testbed employed for evaluating the impact of C-band SMF propagation on the measured BER. Insets: left,
exemplary eyediagrams and associated histograms of sub-baudrate sampled OOK and PAM4 aiming for 112Gbaud (0.82sps) and
100Gbaud (0.92sps) respectively. Middle, optical power spectrum at modulator output for 56Gbaud 40% roll-off PAM4, 112Gbaud OOK,
and 100Gbaud PAM4. Right, exemplary recovered experimental eyediagrams and histograms of 112Gbaud OOK, and 100Gbaud PAM4.

Next, we elaborate on the transceiver DSP employed to
accommodate data signals with a sampling rate-to-baudrate
ratio below one at Tx and Rx. Fig. 1 supports the explanation,
and it presents the full DSP flow from generation of signals at
less than 1 sps to their detection; including a schematic
representation of the end-to-end signal’s spectral evolution.
A. Transmitter
Succeeding data modulation with either on-off-keying
(OOK) or quaternary pulse-amplitude modulation (PAM4), we
shape the pulse of the signal aiming for maximizing the signal
integrity. In our system this translates to shaping the main
signal lobe to show a smooth decaying profile as opposed to,
for instance, the typical aggressive roll-off factor of systems
operating above 1 sps. This is because, given the aggressive
sampling conditions (sps below 1), a non-negligible portion of
the signal’s frequencies below 1/2T is going to be removed
after the anti-aliasing filter, and the remaining portion is going
to undergo strong low-pass filtering along the communication
chain. The less relevant the frequencies between Fs/2 and
Baudrate are for the information signal, the easier it will be
for the receiver to compensate for the experienced distortions.
Once the anti-aliasing filtering is performed – ideal low-pass
filter in our case, the signal is resampled – downsampling plus
convolution with a sinc function – to hit the target baudrate
and ultimately fed to the digital-to-analog converter. Prior to
the conversion, we apply an equipment-dependent preemphasis slope of 3dB/decade in the frequency domain to
compensate for the non-flat response of the electronics and
electro-optical components.

B. Receiver
After transmission, the continuous-time analog signal is
discretized by a sampling clock not necessarily matching the
transmitter’s. This observation, as explained, has no major
impact in the receiver’s ability to recover the signal reliably,
but rather the analog bandwidth has it. Signal conditioning and
resampling to 2sps follows the quantization process1, and
timing frequency correction is performed. In this investigation
the relative clock offset between Tx and Rx was initially
estimated from a reference signal at more than 1sps before
switching to normal (under 1sps) operation. The phase vector
was stored and applied indifferently to all captured traces2.
Now the task is to compensate for the distortions and
recover the ideal 1sps stream with the highest possible fidelity.
The first block working towards this purpose is an adaptive
linear feed-forward equalizer (FFE), which is configured to
converge to the duobinary-equivalent multi-level amplitude
signal of the target modulation format (OOK, and PAM4). The
reason for this is to avoid undesirable noise enhancement by
1
Fractionally-spaced processing facilitates sampling-phase recovery and
SNR maximization during adaptive equalization at the expense of a penalty in
power consumption (over baudrate-spaced) that may not be affordable in all
scenarios. On the other hand, besides hindering matched filtering, baudratespaced processing would imply recovering the clock and sampling phase from
signals with a variable degree of (strong) bandwidth limitation prior to
equalization; whose tolerance to sampling errors will, in turn, reduce.
2
The Tx and Rx clocks were considered frequency-wise constant, and
hence considered locked throughout the duration of our experimental study;
but we acknowledge the need for a robust clock tracker (potentially acting on
signals ≤1sps) that can follow time-varying drifts – e.g. due to equipment
aging. We leave this for future work.
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trying to recover spectral inexistent or excessively attenuated
spectral components. Because multilevel equalization is more
challenging than otherwise, we perform data-assisted
initialization of the filter before switching to blind decisiondirected mode after convergence. This process compensates
for the greatest portion of the ISI, mostly caused by the antialiasing filter and the limiting response of the electro-optical
components. Finally, a maximum-likelihood sequence detector
(MLSD) implemented using the Viterbi algorithm resolves the
duobinary-type interference and residual short-memory
effects, also, without undesirable noise enhancement.
III. EXPERIMENTAL DEMONSTRATION
The experimental evaluation is organized in three subsections describing two proofs of concept in back-to-back
(B2B)
configuration
[9],
and
then
transmission
demonstrations. In the first PoC experiment, we use subbaudrate sampling at the Tx and Rx – 88 GS/s DAC and
92 GS/s
ADC,
proving
successful
detection
of
112 Gbaud OOK. In a second PoC experiment, we do subbaudrate sampling only at Tx and we push the line rate up to
200 Gbps using 100 Gbaud PAM4. In the last follow-up block
of experiments, we carry out several C-band short-reach
transmissions employing sub-baudrate sampling at the Tx and
Rx – 92GS/s DAC and 100GS/s ADC. The scenarios include
1-km and 80-km standard singlemode fiber (SMF) where we
successfully transmit up to 100 Gbaud PAM4 and 125 Gbaud
OOK, respectively. In all cases, the performance metric is
measured BER; which in turn is evaluated against the errorfree BER limit after forward error correction (FEC). We
consider a 7%-overhead hard-decision FEC with pre-FEC
BER limit at 3.8·10-3 [10].
A. Testbed
Four different hardware arrangements have been employed
in the experimental evaluation of our transceiver technology,
two for back-to-back PoC and two for the transmission study.
The PoC testbeds have been conceived to help discriminate
the potential impairments as a function of their origin – i.e. the
Tx or the Rx – and to facilitate the detection/isolation of
potential component malfunctions. From a higher abstraction
standpoint, these setups enable to explore the bit-error rate
(BER) performance limits on both a realistic commonplace
transmission system – i.e. 25GHz end-to-end bandwidth, as
well as on a high-end communication chain – i.e. >35GHz
end-to-end bandwidth. Fig. 2 collects together all the
implemented system setups (two for PoC, one for 1-km SMF
transmission and one for 80-km SMF transmission). The insets
include the optical power spectrum after modulation – clearly
showing spectral truncation beyond ~40GHz, and examples of
transmitted and recovered (after linear equalization) digital
eyediagrams for 112 Gbaud OOK and 100 Gbaud PAM4.
PoC #1
In the transmitter side, we employ a 28-nm CMOS 8-bit
DAC operating at 88GS/s to generate a 112 Gbaud OOK
signal (0.78sps). Digital signal generation is done in

4

accordance with Section II. Note that 88GS/s is a conservative
operation regime which allows for the use of lower quality
clock references – e.g. the internal clock – and provides
acceptable DAC effective number of bits (ENOB), as shown
by the characterization of the same DAC in [11]. The
electrical output is followed by a diff-in diff-out 35-GHz
driver before modulating a 40-GHz push-pull LiNbO3 MachZehnder modulator. Note that according to Nyquist’s sampling
theorem, our DAC ought to generate signals between +/-44
GHz; however, our signal requires at least 56 GHz so as not to
incur aliasing. Therefore, the 112 Gbaud digital signal is
filtered by an ideal 44 GHz rectangular window in the
frequency domain before discretization. We alleviate some
bandwidth limitations by combining the rectangular filter with
a linear pre-emphasis slope of 0.25 dB/GHz. Only B2B
configuration is considered.
In the receiver side, we use a PIN photodiode followed by a
transimpedance amplifier (PIN-TIA) and a 28-nm CMOS 8-bit
ADC at 92 GS/s. After storing the waveforms offline, we postprocess them as described in Section II, where the number of
fractionally-spaced taps for FFE are fixed at 31, and 5 symbolspaced taps for MLSD.
PoC #2
Compared to PoC #2, there is two modifications for
improving the generation quality: we knowingly overclock our
DAC (from 88 to 88.96 GS/s) seeking for resolution
improvement while still employing the internal clock, and we
also replace the dual-drive modulator by a single-ended zerochirp LiNbO3 Mach-Zehnder modulator with identical
bandwidth. The latter showed important to ease the control on
the skew, which was particularly challenging and detrimental
for signals around 100Gbaud and beyond. In terms of digital
signal generation, we now push the transmitter speed to 200
Gbps linerate by using PAM4 at 100 Gbaud (see Section II).
Only B2B configuration is considered.
In the receiver, we replace the PIN-TIA and the 92 GS/s
ADC by a single PIN with 70 GHz bandwidth and a 90-nm
SiGe BiCMOS real-time oscilloscope with 70-GHz analog
bandwidth at 200 GS/s. This allows as to (i) sidestep the
detrimental saturation effects of the PIN-TIA module – hence
allow us to explore higher input powers, and completely
mitigate band-limiting impairments arising at the receiver.
Concerning DSP, and thanks to the more relaxed bandwidth
conditions at the receiver, we manage to reduce the MSLD
complexity to 3-taps only, hence allowing us to trade for a
longer FFE filter response (91 fractionally-spaced taps). For
details on the global DSP routine, see Section II.
Transmission
Targeting maximum performance, we replace the internal
clock of the DAC by the sinusoidal output of a high-quality
synthesizer to enable signal sampling at 92GS/s. This
empirically calculated sampling rate value results in optimum
ENOB of the DAC [11]. We further replace the electrical
amplifier employed in the PoC by a 38-GHz linear driver,
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which feeds the same 40-GHz single-drive zero-chirp
modulator employed in PoC #2.
The optical output from the modulator is launched into the
transmission link with around 3dBm. Two configurations are
used: 1-km of SMF, and 80-km of SMF; in the latter, we add a
dispersion-compensating fiber (DCF) at the end of the link,
and an Erbium-doped fiber amplifier (EDFA) to compensate
for the overall attenuation.
The receiver side is hardware wise identical to PoC #2, that
is, a 70-GHz PIN preceding an 8-bit 70-GHz ADC. In this
occasion, although the ADC keeps running at 200GS/s, we
systematically remove one every second sample on the stored
traces to emulate an equivalent 70-GHz 100GS/s ADC and,
hence, perform sub-baudrate sampling both at Tx and Rx. For
details on the DSP routine, see Section II.
B. Proof of Concept - Results
The results of the characterization are shown in Fig. 3. It
presents BER as a function of received power into the
photoreceiver for 112 Gbaud OOK. For reference, we also
include results for 40% roll-off (raised cosine) 56 Gbaud
PAM4 without MLSD. This PAM4 configuration delivers the
same bitrate – i.e. 112 Gbps – but with more than 1 sps
generation and detection. As insets in Fig. 3, we present the
eyediagrams for both modulations formats around the
sensitivity limit.
We shall conclude on two points. Given the considered
FEC, we proof the concept’s experimental feasibility with a
competitive -7 dBm sensitivity. Second, we observe that
56-Gbaud PAM4 still outperforms OOK in this system
configuration. This is certainly against what we could expect
in an ideal situation because, considering that both signals
occupy similar bandwidth (see Fig. 2), the signal-to-noise ratio
(SNR) for both signals at a given input power should be highly
similar. Since the constellation expansion ratio is around 1, the
performance should be favorable for the signals with less
amplitude levels, that is, the sub-baudrate OOK. Nonetheless

FFE transfer function [dB]

Fig.3 Experimental results of the two Proofs of Concept in back-to-back configuration. BER as a function of received optical power. Left:
PoC#1 sub-baudrate sampling of 112 Gbaud OOK at both the transmitter (88 GS/s DAC) and the receiver (92 GS/s ADC) preceded by a
PIN+TIA. Right: PoC#2 sub-baudrate sampling of 112 Gbaud OOK and 100 Gbaud PAM4 at the transmitter (88.96 GS/s DAC) with a
70-GHz 200 GS/s ADC preceded by a 70-GHz PIN photodiode.

6
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Fig.4 Power spectral response of the FFE filter in PoC #2 when
FFE targets 2 levels (OOK) or 3 levels. On the top, the resulting
histograms for each mode

the system is not ideal, and hence we attribute the penalty
(around 0.5dB at the sensitivity limit) to the excessive lowpass filtering of the entire receiver chain – i.e. photoreceiver
and ADD, leading to non-negligible noise enhancement at the
FFE despite targeting convergence to the equivalent 3-level
partial response modulation. In addition, we also observe that
for high received optical power levels (above -3dBm), the
PIN-TIA enters in a saturation regime that induces an error
floor further aggravated by signal clipping at the ADC. We
then postulate that an improvement of the receiver
specifications should compensate for the greatest part of the
discussed impairments. This is the target of PoC #2.
Fig. 3 shows the BER results for the PoC #2 (see Section
III.A for detailed information on the testbed). Resulting from
the hardware bandwidth improvements, now 56 Gbaud PAM4
and 112 Gbaud OOK describe very similar performance at the
FEC limit. The frequency response of the improved end-to-
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Fig.5 Experimental transmission results for 125 Gbaud OOK, and 100 Gbaud PAM4. BER as a function of received optical power. Subbaudrate sampling is done at both ends for OOK and only at the transmitter for PAM4 (92GS/s DAC and 100 GS/s ADC). Left: back-toback. Middle: 1-km C-band uncompensated SMF transmission. Right: 80-km C-band compensated SMF transmission.

end system is inferable from the converged FFE taps in Fig. 4,
appearing flat up to ~45 GHz for duobinary equalization.
Likewise, note the strong high-frequency enhancement with
OOK as target constellation that certainly leads to additional
artificial noise. These results prove once again the feasibility
of high-speed data communication at well below 1sps,
underscoring the importance of bandwidth – and not the
sampling rate, as well as the need to control noise
enhancement to the largest possible extent.
To further emphasize this last point, we configure the
system for communication at 100 Gbaud PAM4. For this, we
configured the receiver DSP to perform FFE aiming for 7
levels (duobinary equivalent of PAM4), and for MLSD to
output four different amplitude levels. The number of taps is
preserved with respect to the OOK case. These settings prove
satisfactory to achieve BER below FEC limit with around 5
dBm sensitivity, demonstrating 200-Gbps single-dimension
optical communication in around 35 GHz of end-to-end
bandwidth and employing commercial CMOS DAC. Now
after these PPoC, we proceed to transmit the optical signal
over a fiber link, optimizing the system according to our
experimental observations and ensuring sub-baudrate signal
sampling at Tx and Rx.
C. Transmission- Results
Fig. 5 presents the results of the transmission experiments
over 1km and 80km of SMF. The investigated scenarios
include 125 Gbaud OOK, and 100 Gbaud PAM4; and we also
report the B2B performance to benchmark the testbed
improvement with respect to PoC #2 (see section II). The
signals are pulse-shaped with a 60% roll-off raised-cosine
filter for PAM4, and 100% roll-off factor for OOK. These
values are empirically chosen to minimize the posttransmission BER. For farther details on the Tx DSP
parameters, refer to the table in Fig. 1.
Regarding the results of 1-km transmission, we note that all
the configurations are successfully transmitted given the

considered FEC. As in the PPoC, we configured the DSP to
perform FFE aiming for 3 levels for OOK and 7 levels for
PAM4 with a length of 91 and 105 taps respectively, followed
by a 3-tap MLSD algorithm. The receiver sensitivity at the
pre-FEC limit is around 3 dBm for PAM4 and 4dBm for
OOK; proving repeaterless operation margins above 3dB in
both cases. Concretely for the 125Gbaud OOK, we observe
down to 1dB transmission penalty, an expectable mild offset
which we explain the fact that the first spectral notch (lowest
frequency fading) of the chromatic dispersion’s equivalent
power response falls beyond the modulation bandwidth of the
signal [4]. Therefore, 1km of SMF propagation does not
critically reduce the performance of the considered OOK
signal, whose BER keeps governed by the severe low-pass
response of the aggregate communication chain. By
comparing these results with PoC #2 – which implements
similar receiver architecture, we observe: from OOK, that
around 10% of bitrate increase translates to 4dB of penalty;
and from PAM4, that for the same information rate of 100
Gbaud, the receiver sensitivity is improved by a factor of 2dB.
Altogether, we understand that 100-115Gbaud is a baudratewise practical operation regime irrespective of the modulation
format for the consider commercial DAC/ADC platform.
Beyond this range, we may incurr a sensitivity penalty that
undesirably leads to uncontrolled compression of the operation
margins.
For its part, the 100Gbaud PAM4 signal similarly exhibits
~1dB of transmission penalty despite its 20% narrower
modulation bandwidth. This is attributable to the higher
susceptibility of multi-level modulation formats – as opposed
to OOK – to experience excess performance penalties due to
ISI and non-linear distortions for a given SNR. Despite so, we
note that 200Gbps PAM4 is successfully transmitted with up
to 4dB of sensitivity margin over 1-km SMF, considerably
improving our previously reported results [9]. This shows that
the testbed improvements with respect to PoC #2 are correct
and well justified, and that operating under 1sps does not
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entail additional transmission penalties to what we could
expect otherwise. We wish to underscore that we have chosen
to operate in the C band as it stands for the most challenging
scenario in terms of transmission penalty for such short
distances and high baudrates, and we note that an O-band
infrastructure will substantially help improve these results as
well as simplifying the DSP for impairment mitigation [4].
Now we focus on the 80-km transmission scenario, where
we observe that the experiences distortions make the system
reach practical operation limits: 5-tap MLSD is strictly
necessary to close the link for 125 Gbaud OOK (32 trellis
states per symbol instant), and 100 Gbaud PAM4 is not
attained with the consider DSP structure and complexity.
Besides -6 ps/nm residual chromatic dispersion (~350-m
SMF), other sources of transmission penalty include the noise
that the optical pre-amplifier injects, as well as possible Kerr
nonlinearities due to the high level of optical power launched
into the fiber (~3dBm) to overcome propagation loss (16dB).
Nonetheless in these conditions, and if we accept the accept
the hypothesis that 5-tap MLSD is tractable, we then observe a
competitive received power sensitivity of around 4dBm with
operation margins before saturation exceeding 5dB.
Otherwise, we must tune down the baudrate to the reliable
range of operation (100-115 Gbaud). For example, considering
115Gbaud OOK, we observe how the greatest portion of
operation margins is recovered (4dB) with the help of regular
FFE and down to 3-tap MLSD.
IV. CONCLUSION
Next-generation high-speed transceivers targeting 200 Gbps
per lane (and beyond) are in need for effective solutions to
overcome the bandwidth and sampling-speed limitations of
(ubiquitous) CMOS samplers, i.e. DACs and ADCs. To this
purpose, we propose a DSP-powered approach whereby
aggressive sub-baudrate sampling is performed at the
transmitter (DAC) and/or the receiver (ADC) sides as a means
of increasing the baudrate way beyond the sampling rate while
reliably withstanding the resulting (severe) ISI. Thanks to the
careful preventions against digital noise enhancement at the
receiver via multi-level adaptive forward equalization
cascaded with maximum likelihood detection, our technique
does not imply additional transmitter-side DSP complexity to
what is strictly required for standard signal generation: i.e.,
coding and modulation, pulse-shaping, anti-aliasing filtering
and resampling. Besides the conceptual description and the
DSP routine, this investigation elaborates on the experimental
demonstration of several ≥100Gbaud sub-baudrate sampled
signals on an IM/DD transmission system employing various
combinations of commercially available DACs, ADCs,
electronics and electro-optical parts presenting not more than
35GHz of end-to-end bandwidth and 92GS/s.
In a first round of experiments, we proof the concept in backto-back configuration for up to 112Gbaud OOK with 0.785
sps at both Tx and Rx, showing a competitive receiver
sensitivity of -7 dBm at the 7%-overhead hard-decision bit
error-rate limit. A second proof of concept assuming the
availability of a high-end receiver architecture (70GHz
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bandwidth and 200GS/s) and higher optical power at the
receiver input (up to 6dBm) allows us to: first, demonstrate up
to 100Gbaud PAM4 at a minimum of 0.89 sps below pre-FEC
BER limit; and second, prove that our digital detection scheme
makes possible for sub-baudrate sampled OOK signals to
overperform the bitrate-wise analogous PAM4 under the very
same bandwidth limitations. The latter indicates that subbaudrate sampling enables yet another approach to gradually
trade BER performance for information rate; thus, potentially
resulting in trade-offs that fit our hardware limitations – e.g.
bandwidth or SNR – better than what straight tuning of the
modulation order can do. Finally, we carry out C-band
transmission demonstrations of sub-sampled signals up to 100Gbaud PAM4 over 1-km SMF and 125-Gbaud over 80km of
pre-amplified compensated SMF; employing a realistic highend communication chain and DSP complexity in all
scenarios. The obtained results further emphasize the potential
of sub-baudrate sampling to stretch the repertoire of usable
baudrates in high-speed IM/DD communications beyond the
DAC/ADC sampling rate in an intuitive, flexible, and
effective manner.
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