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Abstract—We report on an on-off keying intensity-modulation
and direct-detection C-band optical transceiver capable of
addressing all datacenter interconnect environments at wellbeyond 100Gbaud. For this, the transmitter makes use of two key
InP technologies: a 2:1 double heterojunction bipolar transistor
selector multiplexer and a monolithically integrated distributedfeedback laser traveling-wave electro-absorption modulator, both
exceeding 100-GHz of 3-dB analog bandwidth. A pre-amplified
110-GHz PIN photodiode prior to a 100-GHz analog-to-digital
converter complete the ultra-high bandwidth transceiver module;
the device under study. In the experimental work, which
discriminates between intra- and inter-data center scenarios
(dispersion unmanaged 120, 560, 960m; and dispersion-managed
10, and 80km of standard singlemode fiber), we evaluate the biterror rate evolution against the received optical power at 140,
180, and 204Gbaud on-off keying for different equalization
configurations (adaptive linear filter with and without the help of
short-memory sequence estimation) and forward error correction
schemes (hard-decision codes with 7% and 20% overhead);
drawing conclusions from the observed system-level limitations
of the respective environments at this ultra-high baudrate, as well
as from the operation margins and sensitivity metrics. From the
demonstration, we highlight three results: successful operation
with >6-dB sensitivity margin below the 7% error-correction at
140Gbaud over the entire 100m-80km range with only linear
feed-forward equalization. Then the transmission of a 180Gbaud
on-off-keying carrier over 80km considering 20% errorcorrection overhead. And finally, 10-km communication at
204Gbaud on-off keying with up to 6dB sensitivity margin, and
regular 7%-overhead error-correction.
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I. INTRODUCTION

W

HEN it comes to data communications, sending more
information with less resources is ground-truth indicator
of quality technology. This engineering paradigm is consistent
all the way from the operations to monitor and manage the
networks’ optical spectrum, to the progress in transistor
miniaturization
and
photonic
integration.
While
straightforwardly positive as a purpose, the available resources
– i.e. techno-economic constraints – subject to reconciliation
are just as diverse as the network itself, which makes of this
pursue for ever higher efficient transmission systems a notably
arduous project in certain communication segments.
Concretely, intra- and inter-data center (DC) communications
comprehend an environment where no two transmission
systems are exactly alike; with required bitrates ranging from
10s to 100s of Gbps, transmission distances from few meters
up to 1000s of them, and most stringent requirements in cost,
power consumption, and spatial efficiency [1]. One good
gauge of this challenging diversity is the >20 unique
transmission rates that are covered in the aggregate roadmap
of Ethernet, InfiniBand, and Fiber Channel standards for such
optical local-area networks, including deployable and
prospective configurations [2-4].
In the process to conceive, standardize, and implement
technological solutions suitable for intra- and inter-DC
communications, the manifold considerations relating to the
physical layer optimally reflect the complexity of the design
dilemma; and thus, makes it one of the layers most open for
discussion and innovation. Typically, the initial technical
resolutions on the physical layer design of DC interconnects
are made around five major axes: (i) the fiber type and
transmission band, (ii) the electro-optic (EO) generation and
detection technique, (iii) digital signal processing (DSP) and
modulation format, (iv) the degree of parallelization and perlane baudrate, and (v) the semiconductor technology and
materials. In this investigation, following the same process, we
study and decide on each of these factors aiming for a
competent IM/DD transceiver solution capable of addressing
the whole DC-interconnect panorama well beyond 100Gbps/λ.
Next, we convey the rationale and the ensuing state of the art
that substantiate our proposal.
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A. Fiber type and transmission band
Selecting the fiber type and infrared transmission band
generates hardly any discussion. Modern systems based on
multimode fiber, optimized to be lit by vertical-cavity surfaceemitting lasers in the 850-1300nm range [5], are commonplace
thanks to the higher tolerance to coupling/connector
misalignments; resulting in ~5x more total cost efficiency than
the single-mode counterpart. On the other hand, their effective
modal bandwidth ~4700MHz·km and their average fiber
attenuation >1.5dB/km make G.652 single-mode fiber (SMF)
systems unquestionable in all inter-DC transmission
environments beyond 10Gbps. For their part, SMF-based
systems encompass a bipartite debate which remains arguable
today: 1310nm vs. 1550nm [6], i.e. fiber attenuation vs.
chromatic dispersion (CD); with a nominal split in penalty
significance around 10-km transmission for ~50Gbaud signals,
that readily explains the analogous distribution in the DC
pluggable market as well as in the research literature.
B. Generation and detection technique
Intensity-modulation and direct-detection (IM/DD) still
dominates the point-to-point (P2P) short-haul market over
coherent technology, which has not yet managed to close the
cost gap to an affordable extent – e.g. a 400-Gbps coherent
transceiver equals approximately 170% the cost of four
IM/DD systems at 100Gbps each [7].
C. Modulation formats and digital signal processing
Delivering ~4-fold worse spectral efficiency than coherent
transceivers, it comes as no surprise that advanced modulation
formats are assiduously employed to increase the serial bit
rates of IM/DD systems. Supported by more and more costeffective and high-speed digital processors [8] enabling lowlatency forward error correction (FEC) and electronic
impairment (pre-) compensation, advanced modulation
formats and DSP are presently employed in every high-speed
transceiver. The two most popular real-valued options are
discrete multitone modulation [9], [10]: featuring excellent
spectral control and efficiency, but with impractical
implementation constraints to date [11]; and pulse amplitude
modulation (PAM): clearly preferred – 4-ary PAM (PAM4)
concretely – for its excellent trade-off between
generation/detection complexity and spectral efficiency [12].
D. Baudrate versus parallel optics
Advance modulation formats are, therefore, key technology
for the future DC interconnects; however, it is well understood
that they come – w.r.t. on-off keying, OOK – with additional
computational complexity, stringent requirements on the
linearity on the transceiver electronics and opto-electronics
(OE), and an inherent sensitivity penalty that preclude their
sole exploitation to scale the system throughput. Relevant
hindrances that often lead to use parallel optics – either
wavelength multiplexing or multiple fibers, and higher
baudrates as complementary bargaining chips or even as
standalone alternatives. In terms of preference, increasing the
baudrate is generally favored for reasons relating to cost- and
watt-per-bit compression [13]. This premise often regulates

the evolution of transceivers and DC interconnects, where
resource-to-performance optimization is prioritized over the
incorporation of new dimensions. The optimum compromise
is, nonetheless, highly dependent on the technical constraints
and requirements in each transmission scenario; which poses a
dichotomy well captured in the variety of multi-source
agreements – e.g. PSM4, CWDM4, CLR4 – or, for instance,
in the baseline summary of the IEEE P802.3bs (400GE)
standard [14] – from 4-16 parallel lanes, at symbol rates
between 25-50Gbaud.
E. Electronics, photonics, and materials
Pushing the per-lane baudrate beyond 100Gbaud has been
focus of ample research efforts in the past years, a regime of
operation which surely exceeds the capability of mostadvanced commercial digital-to-analog and analog-to-digital
converters (DACs/ADCs: 3-dB bandwidth 20-30GHz),
transimpedance amplifiers (TIAs: 3-dB bandwidth 3040GHz), as well as that of EO modulators (3-dB bandwidth
40-50GHz). In this regard, the development of ultra-fast
modulator structures (3-dB EO bandwidth >100GHz) based on
various materials and combinations thereof – e.g. Si [15], Siorganic hybrid [16], plasmonic-organic hybrid [17], InP
[18][19], or LiNbO3 [20]; as well as driving electronics,
digital samplers, and multiplexors – e.g. Si CMOS [21][22],
SiGe BiCMOS [23][24], or InP [25][26] – has been essential
to keep up the progress and continue the track of records up to
the 200-Gbaud frontier in DC interconnects [27]. Material
cost, footprint, yield, energy per bit, production and testing
ease, packaging and integration ease, insertion loss, inputoutput linearity, or polarization sensitivity are some of the
techno-economic factors to be pondered over to determine the
practical suitability of a given material, or the circuits and
hardware components [28]; and with photonic integration and
digital-optical co-packaging further consolidating their
relevance in the short-reach market [8], the transceiver and
system design challenges do not seem to abate.
At the system level, and focusing on research, there exist a
myriad of DC transmission demonstrations, but not many
harmonize the discussed constraints and still challenge the
state of the art in throughput-times-distance product at
baudrates >50Gbaud. Within these ones, the most recent work
for intra-DC connectivity includes [29][30], showing
successful transmission of 56-Gbaud PAM4/8/16 signals
leveraging standard receiver-side equalization and/or digital
pre-compensation; [31][32], proving successful detection of
84-Gbaud PAM4 signal after 1-1.5 km transmission in the 1.5μm band enabled by advance non-linear symbol-decision
techniques; [33], a 84-Gbaud PAM4 sub-system operating in
the 1.3μm band, and reaching 10 km; or [34], [18] and [35],
which demonstrate 100-Gbaud PAM4 over 500-m and 10-km
SMF transmission in the 1.5- and 1.3-μm band thanks to,
mainly, very high-speed InP EO and electronics.
Contrary to customary intra-DC systems, inter-DC systems
(10-100 km, and typically operating at 1.5μm [6]) are
technically challenged by strong CD accumulation (as high as
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~2000 ps/nm) and tight power budgets (up to 25dB
transmission loss); which naturally leads to modifications on
the fiber infrastructure and/or the transceiver architectures.
Here we distinguish two major approaches: first, those that
implement in-line CD compensation (and thus amplification)
like [36][37], showing 56-Gbaud PAM4/8 transmission over
80-km SMF; or [27], where we demonstrate >200Gbaud OOK
transmission over 10-km SMF, all of them employing simple
DSP and practical FEC schemes. And second approach, those
that aim to recover the field via self-homodyne detection – in
diverse flavors – then facilitating electronic CD compensation
without exploding the front-/band-end complexity. Research
work on the latter includes [38], which reviews several highspeed 100-km experiments exploiting the Kramers-Kronig
relations to linearize the channel, and [39], which targets the
same through manipulation and detection of the Stokes
vectors. Finally, it is worth noting that despite 1.5μm is
currently well motivated >10-km SMF transmission by ~40%
lower fiber attenuation – addressed with cost-effective erbiumdoped fiber amplifiers (EDFAs) – CD becomes increasingly
dominating the higher the modulation rates grow; now
reaching a point (~50 Gbaud) when closing the budget at
1.3μm is been investigated for up to 40-km SMF via
avalanche photodiodes and high-power direct modulated
lasers [40][41].
In this work, which builds upon [27], we describe and
further evaluate the performance of our IM/DD transceiver;
prototyped to operate well beyond 100 Gbaud per lambda
across the entire range of intra- plus inter-DC environments
(100m to 80km). Relying on 0.7-μm InP EO and electronics,
our transceiver design is not only susceptible for convenient
monolithic integration – inc. distributed feedback laser, but it
also allows for the use of very practical equalization and FEC
techniques on ultra-high-speed signals thanks to the >100GHz modulation bandwidth that this technology makes
possible. The experimental study covers three operation
baudrates – 140, 180, and 204Gbaud, evaluated over five
different transmission reaches from intra- to inter-DC – 120m,
560m, 960m, 10km and 80km, and for different equalization
and symbol-decision complexities – 0 to 55 FFE taps and 3- or
6-symbol memory LUT. The performance is assessed from the
pre-FEC bit-error rate (BER) in all cases, where hard-decision
FEC in between 7% and 20% overhead are assumed. Besides
attaining >6 power budget margin across the entire
transmission range at 140-Gbaud with only 55-tap feedforward equalizer (FFE); we show that, in the margin-less
regime, we firmly overrun the state of the art by demonstrating
200-Gbaud OOK communication over 10-km of dispersionmanaged SMF, and 180-Gbaud OOK over 560m of SMF and
up to 80-km of dispersion-managed propagation.
II. THE 200-GBAUD IM/DD SUBSYSTEM
Considering the system as a whole, the key specification is
the ultra-high modulation bandwidth (>100GHz) of the
communication chain; from electronic generation to signal
digitization. Exploiting this, and aiming for the highest

baudrate possible, we focused on improving the receiver
sensitivity so that, all together, we could close the link with
the help of customary digital equalization techniques – i.e.
FFE and short-memory LUT for symbol decision – and
practical FEC schemes – i.e. 7%- and 20%-overhead harddecision codes (7% and 20% FEC). Some relevant decisions
in this direction include the operation in the C-band (1.5μm):
thanks to which we could leverage cost-effective EDFA
amplifiers and wavelength-division multiplex (WDM)
equipment. And also the use of OOK modulation: providing
optimum receiver sensitivity and robustness to the strong
inter-symbol interference (~50% of the signal bandwidth was
filtered off after 180Gbaud), and allowing to drive the
transmitter in saturation – improving noise rejection and
extinction ratio.
In the following, we describe in detail the most important
pieces of hardware comprised in the transmitter, the link, and
the receiver.
A. Transmitter
For electrical signal generation, we employ a concatenation of
two 2:1 electronic multiplexors implemented on InP double
heterojunction bipolar transistor (InP DHBT), interfaced via a
via IAF’s InP DHBT driver amplifier with 16 dB and the 3-dB
bandwidth of 110 GHz [42] to a monolithic InP chip
integrating distributed feedback laser and electro-absorption
modulator.
2:1 InP DHBT multiplexing selector [26]
The functional block diagram and a microphotograph of the
integrated circuit are respectively presented in Fig. 1a and Fig.
1b. The function of the 2:1 electronic time-division
multiplexer is to interleave in time two electrical data inputs
(D1 and D2 in Fig. 1a) referenced to a half-rate clock (Clk).
The multiplexing selector is designed and fabricated in the
0.7-μm InP DHBT technology available in III-V Lab [43]. The
integrated circuit, with a footprint of 1.2 x 1.5 mm²,
accommodates 48 transistors with power consumption of
0.5/0.8 W for a differential output amplitude of 250/730 mV.
Such transistors exhibit DC gains of about 30, a breakdown
voltage beyond 4.5V and peak fT and fmax of ~400GHz at a
density of 8mA/μm². Compared to previous designs [25], the
new selector aims for 200-Gb/s operation, thus implying the
upgrade/redesign of all building blocks: the two input buffers
(DB in Fig. 1a), now supporting high quality 100-Gbps
operation, the clock buffer (CB), showing higher gain up to
100 GHz frequencies, the multiplexing core (GC), rescaled to
operate in the optimal performance and consumption zone of
the transistors, and the output buffer (OB), delivering highswing OOK signals up to 200 Gbps.
Packaged Monolithic DFB-TWEAM [44][45]
The transmitter sub-assembly comprises a monolithically
integrated distributed feedback laser and a traveling-wave
electro-absorption modulator (DFB-TWEAM) designed by
KTH, fabricated by KTH and Syntune, and packaged by
former u2t Photonics [44]. The absorber is based on the 12
strain-compensated InGaAsP quantum wells/barriers (QWs) of
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Fig. 1. Block diagram of the 2:1 InP DHBT multiplexing selector (a), a
microphotograph of the chip with the corresponding port assignment (b).

B. Fiber link
For transmission distances longer than 1km – i.e. 10 and 80km
in our investigation, we employed continuous Bragg gratings
(FBG) from Proximion AB to manage the accumulation of
CD; which is extremely detrimental for the studied baudrates.
Unlike fiber-based compensation modules (DCFs), that
achieve x10 SMF’s dispersion coefficient by reducing the
diameter of the fiber core, FBGs feature quasi-constant and
considerably lower insertion loss than DCFs after 50-km
propagation, hardly any non-linear effect, <0.5ps of
polarization-mode dispersion, and lower latency – approx.
10% less propagation overhead than DCFs. For reference, Fig.
3c presents the measured insertion loss and latency versus
wavelength for each of the two FBGs modules employed, i.e.
10 and 80-km of CD compensation; and their corresponding
comparison against the analogous DCF technology. A picture
of the packaged module and a diagram of the FBG structure
and operation are respectively shown in Fig. 3a-b [47].
C. Receiver
Despite counting on commercial parts only, the bandwidth
of our DD receiver exceeds 100GHz at 3-dB attenuation. It
comprises a pre-amplified waveguide-integrated PIN
photodiode with a measured 3-dB bandwidth of ~110GHz and
linear response up to 10dBm of optical input power. The

Fig. 2. Picture of the packaged DFB-TWEAM module (a), a microphotograph
of the chip (b), static extinction ratio vs. bias voltage for different laser driving
currents (c), the small-signal transfer characteristics, S21, of the TWEAM (d),
and output power of the unbiased modulator vs. laser current (e).

(a)

Insertion loss [dB]

(c)

(b)

10-km comp. DCM

80-km comp. DCM
~4dB better than DCF

Similar perf. than DCF

Latency [ps]

around 9 nm thickness each and the gain section of the DFB is
based on 7 QWs 7-nm thick grown by metal vapor-phase
epitaxy coupled with butt-joint technique. The DFB threshold
current is ~25 mA and the slope efficiency is 0.04 W/A. The
EML has a 3-dB bandwidth beyond 100GHz with less than 2
dB ripple in the pass band, evincing the high linearity of the
phase response. During operation, we use 120 mA bias current
for the DFB, a bias voltage of -1.85 V for the TWEAM, and a
driving RF peak-to-peak voltage of 2Vpp, all-in-all translating
into an output power of -1 dBm with ~4.5dB extinction ratio.
Note that larger power values may be achieved with lower
bias voltage, then inevitably reducing the extinction ratio.
Fig. 2 illustrates this compromise in sub-graph (c), as well as
other important metrics like the small signal transfer response
(d) [46], and PI (e). Fig. 2a-b show, respectively, a picture of
the packaged module used in our experimental demonstration,
and a microphotograph of the monolithic InP structure.

Wavelength [nm]

Fig. 3. Picture of the packaged Bragg gratings module (a), functional and
structural illustration of the Bragg gratings for CD compensation at ~1550nm
(b), and insertion loss and latency vs. wavelength performance of the modules
used in our experimental demonstration for in-line compensation of the
accumulated CD after 10- and 80-km SMF (c).

output of the photodiode (<0.3 Vpp into 50Ω) was digitized by
a 100-GHz 3-dB bandwidth and 240-GS/s analog-to-digital
converted (ADC) embedded in Lecroy’s LabMaster 10-100Zi
digital storage oscilloscope (DSO).
III. EXPERIMENTAL DEMONSTRATION
The evaluation comprehends all relevant combinations of:
two transmission environments – intra-DC: 120, 560, and
960m SMF; and inter-DC: 10, and 80km SMF; three
transmission rates – 140, 180, and 204Gbaud OOK; and two
digital techniques for impairment compensation and symbol
detection – 0-55-tap FFE, and 3/6-symbol MAP. The
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Fig. 4 Block diagram of the experimental setup used for evaluating the performance of the proposed 140-204GBd transceiver over intra- and inter-DC
transmission distances. Power-normalized optical spectra (a), and measured eyediagrams at the output of the last InP DHBT 2:1 multiplexing stage, BR
(leftmost), and in optical back-to-back configuration after linear equalization (rightmost) for 140, 180, and 204GBd OOK signals.

performance is assessed as a function of BER vs. received
optical power, where two hard-decision FEC codes are
assumed to draw conclusions on sensitivities and operation
margins: 7% and 20% overhead with pre-FEC BER limit of
4.9·10-3 [48] and 1.1·10-2 [49] respectively. The B2B baselines
are calculated with 55-tap FFE and 6-symbol MAP. In the
remainder of the section we detail the experimental testbed
and conclude on the results, discriminating the latter study
according to the transmission environment.
A. Testbed
The schematic diagram of the experimental setup is shown in
Fig. 4. In the transmitter side, the communication chain starts
with a high-speed pulse pattern generator (PPG) outputting
two electrical pseudo-random bit sequences of length 215-1 at
35, 45, and 51Gbps, in turn feeding a serialized pair of 2:1 InP
DHBT multiplexing selectors (see Section IIA for details).
The first selector, in charge of time-multiplexing the PPG’s
signals, outputs OOK streams at 70, 90 and 102Gbaud; but
could not be pushed to much higher rates owing to
packaging/bonding limitations. Precisely to sidestep low-pass
effects, we address the second selector directly on-wafer with
two 70-GHz probes, which greatly improved the bandwidth
limitation despite representing a non-negligible bottleneck
beyond 140Gbaud. In this last multiplexing stage, seven
power and control supplies are used for fine optimization of
the amplitude and jitter performance of the output buffer,
whose layout is optimized for maximum signal integrity, and
whose bandwidth was further improved via passive peaking.
Fig. 4 on the leftmost side shows measured electrical
eyediagram before the driver amplifier at 140, 180, and
204Gbaud OOK – taken with a 1-mm 100-Ghz probe at the
chip’s output and a 70-GHz oscilloscope. For clock generation
we employed dedicated synthesizers operating at half the
output baudrate of the respective multiplexing stages (see
BR/X in Fig. 4), which required the implementation of a x6
frequency multiplier for the last – highest speed – phase by
means of two cascaded amplifiers and 1-mm RF waveguides
to minimize reflections. Following this last selector, the

250mVpp signal was amplified with an ultra-high-bandwidth
16-dB gain driver to produce the ~1.5-Vpp electrical OOK
that optimally feeds the packaged DFB-TWEAM (see Section
IIA for details). The optical spectra are shown in Fig. 4a.
Concerning the fiber transmission line, we implemented
two SMF infrastructures: intra-DC environment, which
comprises only fiber spans of 120, 560, and 960m; and interDC environment, including 10 and 80-km of propagation,
where we further add FBG-based CD-compensation (see
Section IIB for details), and EDFA boosting in the 80km case.
All configurations are ended with a EDFA pre-amplifier, a
400-GHz optical filter for noise rejection, and a variable
optical attenuator (VOA) for analysis purposes.
At the receiver, we detect the signal with a broadband PIN
photodetector and digitize at 1.72, 1,35 1,18 samples per
symbol the 140, 180, and 204Gbaud OOK signals respectively
(see Section IIC for details); and stored for offline processing.
The digital signal processing routine consists of the standard
algorithm stack (see Fig. 4): signal conditioning, resampling,
timing recovery, equalization, demodulation and error
counting. Regarding equalization we considered fractionallyspaced FFE filter, trained with 50-symbol mini-batch gradient
decent on the (mean) square error cost. Compared to [27], we
to restrict our analysis only to mini-batch adaptive FFE
because it provides identical results to the decision-aided
approach without any overhead thanks to the simplicity of
OOK modulation along with the quasi static response of the
channel, that makes error averaging certainly effective. After
FFE – when necessary, 3 or 6 T-spaced tap maximum a
posteriori (MAP) symbol detector was additionally employed,
which discriminates the received 3/6-bit sequence among all
the possible (pre-trained) combinations of 3/6-bit sequences
produced by the system (i.e. 8-entry 3-bit look-up table, LUT;
or 64-entry 6-bit LUT). LUT search – MAP symbol detector
in our exercise – offers notable performance improvement
over purely linear filters due to its ability to learn shortmemory non-linear pattern-dependent effects, non-negligible
in high-baudrate uncompensated IM/DD transmission
scenarios. On the rightmost side of Fig. 4, we show the
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Received optical power [dBm]
Fig. 5 Bit-error rate (BER) vs. received optical power into the photodiode for all combinations of intra-DC transmission distances, that is, 120, 560, and 960m of
SMF; and bitrates, that is, 140, 180, and 204GBd OOK. The figure presents the sub-graphs of the BER evolution for those cases in which successful
communication is achieved, and a summary table of the receiver sensitivity results for all the studied configurations. On the top, the theoretical spectral
transmittance of the dispersive direct-detect SMF channel (17 ps/nm/km) is shown for each propagation scenario.

received digital eyediagrams after equalization for back-toback (B2B) configuration and for all baudrates under study.
B. Intra-DC results
In first place we discuss the performance corresponding to
the three studied intra-DC scenarios: 120, 560, and 960m of
uncompensated SMF propagation. The results are collected in
Fig. 5, which shows the BER evolution against the received
optical power for all cases in which successful post-FEC
communication is attained; as well as a table summarizing the
best sensitivity results for all considered combinations, FEC
codes, and equalization approaches. To support the subsequent
explanations, Fig. 5 also includes the spectral transmittance of
the dispersive direct-detect SMF channel for each scenario.
The top three graphs in Fig. 5 (green) correspond to the
140Gbaud OOK configuration. One major conclusion out of
these results is that post-FEC communication is possible up to
~1-km with no more than 20-tap linear equalization and 7%
HD-FEC with >3dB of sensitivity margin; proving so even
without any form of impairment compensation for 120m and
below (see 0-tap FFE curve). As indicated in Section II, this is
possible thanks to the extraordinary high end-to-end electronic
bandwidth that our transceiver delivers, damping inter-symbol
interference (ISI) to an extent that the performance at
140Gbaud is governed by the transmission penalty almost
exclusively. This point is illustrated by the excellent
correspondence between the degradation of the performance

with the transmission reach, and the evolution of the
transmittance of the respective dispersive DD SMF channels
(see Fig. 5 top). Note, for example, the similarity between the
results after 560m and 960m of propagation, and how there is
only one notch within the signal bandwidth around the same
spectral content in both cases.
In terms of sensitivity and power budget margins, the
results for 140Gbaud OOK are very positive. Considering
20% FEC, we observe an absolute minimum of -1dBm for
120m and maximum of 0.6dBm after 960m with FFE plus 6symbol MAP, which translates into a remarkable >8dB bestcase power budget. Nevertheless, margins well beyond 6dB
are already attained by means of low latency/complexity 7%
HD FEC and pure FFE equalization with under 25-symbol
memory; evincing, again, the convenience and potential of
ultra-high-bandwidth InP technology, and the appropriateness
of the system design (see Section II).
Moving onto the 180-Gbaud study case (Fig. 5; bottom,
blue), we immediately notice substantial signal integrity
degradation with respect to 140Gbaud, such that: FFE by itself
cannot guarantee post-FEC error free communication except
for 120m of transmission, and the 960-m link cannot be closed
irrespective of the DSP stack. These observations hint a strong
transmitter-side band-limiting response – presumably caused
by the 70-GHz driving probes – deriving into pre-transmission
ISI that ultimately aggravates the non-linear memory
distortions resulting from the direct photodetection of the
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Fig. 6 Bit-error rate (BER) vs. received optical power into the photodiode for all combinations of inter-DC transmission distances, that is, 10, and 80km of SMF;
and bitrates, that is, 140, 180, and 204GBd OOK. The figure presents the sub-graphs of the BER evolution for those cases in which successful communication is
achieved, and a summary table of the receiver sensitivity results for all the studied configurations.

chromatically dispersed signal. We note that, despite the
resemblance of the optical spectra at 140 and 180Gbaud –
hence the similar pulse-dispersion rate, the ~30% extra symbol
rate makes the 180-Gbaud configuration much more sensitive
to the propagation reach. On the other hand, thanks to a mild
degree of pulse chirping at the TWEAM in our
implementation, we exploit CD to compress the pulses over
the first meters of the link, thus reducing the effective length
of our system which can even become negative. Observe, for
instance, how the BER results in the 120-m 180-Gbaud study
case equal B2B’s. In this very same example, we observe that
the BER performance after 120m even reaches to outperform

B2B’s for high input powers; nevertheless, we primarily
attribute this aberration to irregularities during B2B
measurement – the voltage dynamic range into the sampler
was sub-optimum due to an excessive scaling factor, which
manifest as trend bump between 3 and 7 dBm. Irrespective,
the sensitivity analysis is not precluded by these deviations at
high power levels; and in this regard, 180Gbaud OOK shows
also very competitive for up to 560m DC communications
when 20% FEC is considered. In such configuration,
180Gbaud offers around 15% more net rate than 140Gbaud
with 7% FEC (~20Gbps extra), while maintaining the budget
margins above 5dB for the most powerful equalization scheme
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(55-tap FFE, 6-symbol MAP). Alternative (simpler) DSP
schemes – e.g. just FFE, or 7% FEC are only viable for 120m
transmission or less; but still enabling successful operation
with >4-dB margin.
C. Inter-DC results
Now we address inter-DC scenarios, within which we study
10 and 80-km of dispersion-managed SMF links; again, for
three signal modes: 140, 180, and 204Gbaud OOK. Like for
intra-DC, Fig. 6 presents the evolution of BER versus the
received optical power for all those configurations enabling
post-FEC error-free communication, and a summary table
with the best sensitivity readings for all the evaluated subsystems is attached on the bottom right.
Starting with 140Gbaud OOK, one of the most interesting
results is that 10km of transmission is covered with ~6dB of
power budget margin using just 7% FEC and without any
equalization scheme at all (see 0-tap FFE curve). Of course,
besides the ultra-high end-to-end bandwidth of our system,
this result is possible thanks to the in-line compensation of
CD, which; barring residuals, damps the impact of CD in the
system performance. Unfortunately, at these baudrates, even
residuals in the order of tens of meters pose non-negligible
penalties; and this is patently the case for the 10-km scenario.
Continuing with the 140Gbaud case, a quick comparison of
the best-performing 10-km trace (20-tap FFE, 3-ymbol MAP)
with respect to the B2B trend – and also the extreme
resemblance with the BER traces after 120m uncompensated
SMF (see Fig. 5), we may conclude that there exists a
mismatch between the fiber length and the compensation
factor equivalent of about 100m of propagation. However,
considering the 80-km scenario, it is certainly not possible to
extract the analogous conclusion. This is because, besides the
potential CD-compensation misestimation, our signal is
severely impaired by Kerr (fiber) nonlinearities resulting from
the need to overcome ~16dB propagation loss. In our
experiment, this leads to ~5dBm of propagated power on a
single carrier so that the pre-amplified receiver could operate
at the suitable point – w.r.t. noise figure. The consequence of
fiber nonlinearity in the BER performance of 140Gbaud is
notable, and so is the advantage of MAP over just FFE owed
to its ability to track deterministic short-memory non-linear
distortions. In numbers, while MAP manages to contain the
extra non-linearities penalty (10km vs 80km at 140Gbaud;
Fig. 6, top) to less <1dB, linear FFE makes the system
experience >3-dB penalty irrespective of the FEC approach.
Interesting enough, the performance flattens out in both cases,
yielding a remarkable worst-case power budget margin of
~6dB at the 7% FEC limit with a simple 55-tap FFE.
The BER results at 180Gbaud invite to apply the same
rationale than for 140Gbaud: for 10km, with CD almost totally
compensated, the BER presents identical evolution than after
120m of uncompensated propagation in the low-power
(sensitivity) range; whereas after 80km, fiber nonlinearities
dominate the performance. We can, nonetheless, detect a
couple of genuine characteristics if we enter into details. The
first one is that the aberration on the BER trend previously

outlined for B2B in the mid-power range, is now observed
across all the 10-km data; which prevents drawing too generic
conclusions out of the performance readings between 1 and
7dBm. Note how the receiver sensitivity at 20% FEC for FFE
plus MAP keeps around 1dBm for both the intra- and inter-DC
studies, while FFE requires much more power after 10km;
even making communication impossible for 7% FEC. And the
second particularity is that the mix on nonlinearities and
residual CD is so severe on 180Gbaud OOK after 80km that:
reaching the 7% FEC BER limit requires intractable DSP
complexity; and also, no operation margin is attained even
considering 20% FEC and the most powerful equalization
technique – i.e. 55-tap FFE and 6-symbol MAP. Despite the
apparent difficulties, it is worth noting that these results
convey the proof for the fastest serial OOK signal ever
transmitted over 80km of straight SMF; laying the foundations
for future ETDM research on ZR transceivers and systems.
Finally, we discuss the performance of 204-Gbaud OOK.
By comparing the results for intra-DC scenarios –
unsuccessful communication, against the results for inter-DC
scenarios – successful communication over 10km of SMF; one
realizes the relevance of having a good match between the
system dispersion map and the pulse chirping factor. In this
regard we argue that, given the pulse chirping factor and ISI at
204Gbaud, whereas 120m of SMF represents an equivalent
accumulated
dispersion
that
completely
prevents
communication; the residual CD after 10-km of dispersionmanaged SMF is within the range that enables certain degree
of pulse compression (<120m). This is the reason why we
manage to close the 10km link and not 120m, and the reason
why the 10-km transmission system drastically outperforms
the B2B baseline in equal equalization conditions – i.e. 55-tap
FFE, and 6-symbol MAP. Precisely in that configuration, we
measure as low as 2.5dBm of sensitivity with a power budget
beyond 6dB at the 7% FEC limit, demonstrating more than 2fold improvement with respect to our results in [27] – where
only 3-symbol MAP was considered; and enabling >190Gbps
net rate not only with practical DSP complexity, but also with
pragmatic operation conditions. One last interesting result is
the successful margin-less transmission via FFE only, the
ultimate demonstration of the superb signal generation quality
that InP electronics and TWEAMs can offer together: enabling
communication at ~4x faster symbol rate than commercial
systems with identically simple linear equalization.
IV. SUMMARY
We elaborate on the design and experimental performance of a
C-band IM/DD OOK transceiver proposed for inter- and intradata center communications at >100Gbaud. The transceiver,
which leverages ETDM and simple receiver-side DSP, takes
full advantage of the extraordinary signal-generation quality
enabled by the ultra-fast communication chain: two >100-GHz
2:1 InP DHBT multiplexing selectors, a >100-GHz InP DHBT
driver amplifier, a >100-GHz monolithically integrated DFBTWEAM, a 110-GHz pre-amplified PIN, and a 100GHz ADC;
to make possible data recovery at up to 204Gbaud.

0733-8724 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2018.2876732, Journal of
Lightwave Technology

Besides optical B2B, the complete experimental evaluation
considers the evolution of BER vs. received optical power for
140, 180, and 204Gbaud OOK signals transmitted over 120,
560, and 960 of uncompensated SMF – intra-DC, plus 10, and
80km of SMF with FBG-based in-line dispersion
compensation – inter-DC. Jointly, the results obtained for the
studied intra-DC cases prove that, despite the strong CD
penalty beyond 100Gbaud, the bandwidth exhibited by the
proposed design along with the simplicity of OOK enable
successful 960m transmission with >6dB power budget
margins up to 140Gbaud via regular forward equalization, and
commodity 7%-20% HD FEC schemes. Punctually, for less
than 560m, throughputs up to 150Gbps (20% FEC on
180Gbaud OOK) are reported with equally competent
margins. Considering inter-DC scenarios, we note that despite
CD is compensated along the line, inexact dispersion maps
showing equivalent residuals in the order of 100s of meters
may be very detrimental and even prevent communication
completely. Despite so, and with the help of mild pulsechirping at the modulator, the results prove as positive as for
intra-DC up to 10km of transmission, where we close the link
for all throughputs with operation margins exceeding 4dB –
i.e. worst-case margin achieved for 204Gbaud at the 7% FEC
limit with linear equalization plus memory sequence
estimation. In contrast, in the 80-km scenario, with more than
16-dB propagation loss, CD is relegated by single-carrier Kerr
non-linearities as primary source of penalty. In these
conditions, the non-linear sequence estimation algorithm
showed expectedly essential: enabling 140Gbaud transmission
with more than 9dB or margin considering 7% FEC, and up to
180Gbaud considering 20% FEC, with a LUT of only 64
entries (6 OOK symbols).
All-in-all, remarkable experimental results that along with
the simple ETDM transceiver design, suggest a hardwaredriven, powerful, scalable, and well-understood path forwards
in the definition of future inter- and intra-DC communication
systems by which SMF, C-band, OOK, and ultra-fast InP
circuits shall be seriously considered.
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