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Abstract—The enormous traffic growth sets a stringent require-
ment to upgrade short-reach optical links to 1.6 TbE capacity in
an economically viable way. The power consumption and latency
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in these links should be as low as possible, especially for high-speed
computing. This is possible to achieve using high baudrate on-off
keying links thanks to a better noise tolerance and a relaxed re-
quirement on linearity for electronics and photonics. In this regard,
we demonstrate a 200 Gbaud on-off keying link without any optical
amplification using an externally modulated laser with 3.3 dBm
of modulated output power operating at 1541.25 nm wavelength.
We achieve transmission over 200 meters of single-mode fiber
with performance below 6.25% overhead hard-decision forward
error correction threshold for each baudrate and all selection of
modulation formats. We also show 108 Gbaud on-off keying link
with superior performance without decision feedback equalizer up
to 400 meters of single-mode fiber. In addition, we benchmark the
short-reach optical link with 112 Gbaud four-level pulse amplitude
modulation and 100 Gbaud six-level pulse amplitude modulation.
For 108 Gbaud on-off keying and 112 Gbaud four-level pulse
amplitude modulation, we can achieve an even lower bit error rate.

Index Terms—On-off keying, optical interconnects, pulse
amplitude modulation.

I. INTRODUCTION

THE ever-growing internet traffic demands are driving the
need for fast development in the intra-Data Center links and

high-performance computing (HPC). The main requirement is to
scale the Data Center link capacity to 1.6 TbE in an economically
viable way [1], [2], [3]. In addition, for high-performance com-
puting, the latency should be as low as possible. With multilevel
pulse amplitude modulation (PAM) one can increase the capacity
for bandwidth-limited systems. However, that imposes stringent
requirements in terms of noise tolerance and linearity for driving
electronics and photonics. Due to this drawback, it is worth
reviving interest in on-off keying (OOK) for applications in
short-reach communication. In that case, the low complexity
OOK links should operate at the highest lane rate while still
performing below the hard-decision forward error correction
(HD-FEC) threshold. Multiple high-performance technologies
are required to comply with this stringent requirement [4].
Several optical modulator technologies can provide low-cost and
high-performance solutions for high-speed short-reach optical
communications [5], [6], [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20], [21], [22]. High-speed silicon
ring resonator modulators (RRMs) are an attractive alternative
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Fig. 1. (a) Experiment setup, and (b) Setup picture.

thanks to their compact size and low energy consumption. The
recent demonstration shows up to 128 Gbps OOK [5]. It is
possible to extend the transmission distance by utilizing the
optical peaking effect and negative chirp. Up to 2 kilometers
of data transmission of 100 Gbaud PAM-4 signals with a bit
error rate (BER) under the general 7% overhead (OH) HD-FEC
threshold has been recently demonstrated [6]. In addition, a
plasmonic modulator with a high-speed 2:1 selector has been
used to achieve 222 Gbaud OOK transmission over a 120 meter
long single-mode fiber (SMF). That shows the application of
even smaller modulators. Yet the setup included two erbium-
doped fiber amplifiers (EDFA) [7] which increases the power
consumption. Higher baudrate has been recently achieved using
polybinary modulation [8]. A competing technology, a thin-film
lithium niobate Mach Zehnder modulator seems to be viable
for building a transmitter for short-reach optical communication
thanks to high bandwidth and low driving voltage at the expense
of an external laser [9], [10], [11]. Recently a sub 1 Vpp
Silicon Photonic MZM was demonstrated [23]. In most of these
demonstrations, there have been no widely opened eye diagrams
of the highest baudrate OOK shown. On the other hand, one
critical point in these transmitters is the ability to integrate a laser
source. Recently, an electrically pumped laser transmitter inte-
grated on thin-film lithium niobate has been demonstrated [12].
High-speed integrated externally modulated lasers (EMLs) [13],
[14], [15], [16], [17] and directly modulated lasers (DMLs) [18],
[19], [20] are, therefore, compelling alternatives enabling up to
200 Gbaud OOK transmission [17]. In an earlier demonstration,
a 204 Gbaud OOK transmission over inter-Data Center distances
using the C-band EML and optical dispersion compensation
based on chirped fiber Bragg gratings has been shown [15]. A
180 Gbaud OOK transmission over intra-Data Center distance
using an EDFA was achieved with the same EML [16].

In this article, we extend our recent report on optical
amplification-free 200 Gbaud OOK link for intra-Data Cen-
ter communications [17] with more detailed system charac-
terizations and transmission performance evaluations. To the

best of our knowledge, our experiment is the first EML-based
system demonstration of 200 Gbaud on-off keying without
any optical amplification with opened-eye diagrams enabling
the usage of simple, power-efficient equalization schemes. We
demonstrate optical amplification-free 108 Gbaud, 170 Gbaud,
180 Gbaud, 190 Gbaud, and 200 Gbaud OOK link using the
EML with 3.3 dBm of modulated output power operating at
1541.25 nm wavelength. The link configuration also supports
the transmission of 112 Gbaud PAM4 and 100 Gbaud PAM6.
For all modulation formats, we achieve below 6.25% OH HD-
FEC threshold of 4.5 × 10−3. In the case of high baudrate
OOK, the superior performance is achieved after 200 meters
of single-mode fiber using only a decision feedback equalizer
(DFE) with 33 feed-forward taps (FF-taps) and 3 feedback taps
(FB-taps). For the 108 Gbaud OOK link the post-equalization
is not required to achieve 400 meters link performance below
the 6.25% OH HD-FEC threshold. That enables low latency
requirements for high-speed computing. For 112 Gbaud PAM4
at ob2b we can achieve an even lower bit error rate that complies
with the KP4-FEC threshold of 2.2×10-4.

II. EXPERIMENTAL CONFIGURATION

A. Externally Modulated Laser

The optical transmitter is based on a C-band externally modu-
lated laser that consists of a monolithically integrated distributed
feedback laser and traveling-wave electroabsorption modulator
(DFB-TWEAM). The component is designed by KTH, fabri-
cated by KTH and Syntune, and packaged by u2t Photonics [24]
and [25]. At the output, we obtain 3.3 dBm of modulated optical
power at 17 degrees Celsius when the TWEAM is biased at
minus 1.6 volts and the DFB is driven by 120 mA of current.
To increase the optical modulation amplitude, we regulate the
case temperature, modulator bias, and driving signal amplitude.
The modulator bandwidth is 100 GHz and the passband ripple
is lower than 2 dB, indicating its high linearity [26]. That en-
ables the generation of high baudrate multilevel pulse amplitude
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Fig. 2. (a) End-to-end system calibration, and (b) and (c) Optical spectrum at 0.1 nm resolution.

Fig. 3. (a) Bit error rate (BER) Versus received optical power (RX power) For 108 Gbaud OOK with a 7 feed forward taps (FF-taps) And 7 feedback taps
(FB-taps) DFE, (b) Eye diagrams (see insets), And (c) BER versus different configurations of post-equalization.

modulation signals. In future designs, the number of modulator
sections can be increased to reduce the required electrical voltage
swing. That comes at a price of larger insertion loss in the
modulator that needs to be compensated with the higher laser
power.

B. Optical Amplification-Free Transmission Setup

The optical amplification-free experimental setup is shown
in Fig. 1(a). We use developed digital signal processing (DSP)
routines to generate the signal in MATLAB. We use a ran-
dom binary sequence with over 1 million bit-length that is
obtained using the Mersenne Twister generator with a shuffled
seed number. The sequence is up-sampled and filtered with
a root-raised-cosine (RRC) filter with an optimized roll-off
factor for each modulation format. 0.01 roll-off factor is used
for 170 Gbaud to 200 Gbaud OOK. A higher roll-off factor
of 0.02 is used for 108 Gbaud OOK and 112 Gbaud PAM4
modulation formats. In the case of 100 Gbaud PAM6, a 0.15
roll-off factor delivered the best performance. To compensate
for the bandwidth limitation in the system a static frequency
domain pre-equalization up to 70 GHz is used for all modulation
formats. The used response is shown in red in Fig. 2(a). The
end-to-end bandwidth includes the cascading effect of electri-
cal amplifiers, optoelectronic components, and adapters. Please
observe that the end-to-end system calibration of the optical
link follows closely the calibration with just the state-of-the-art
Arbitrary Waveform Generator (AWG). To find the best system

performance the response was obtained by using a different
number of frequency steps that varies from 700 to 750. Then
the pre-equalized signal is loaded into the memory of 256 GSa/s
M8199A AWG. The output of the AWG is connected to an
electrical amplifier (22 dB gain, 60 GHz bandwidth) to adjust
the voltage swing. That is necessary to have enough driving
voltage to enhance the extinction ratio of the modulated signal
and simultaneously compensate for high-frequency roll-off. We
achieved extinction ratio from 4 dB to 5 dB depending on
modulates signal bandwidth. The signal was transmitted over
200 meters of the SMF in the case of 170 Gbaud to 200 Gbaud
OOK and 100 Gbaud PAM6 modulation formats. For 108 Gbaud
OOK and 112 Gbaud PAM4 modulation formats, the 600 meters
transmission has been achieved. The dispersion tolerance at the
operation wavelength of 1542.25 nm (see Fig. 2(b) and (c)) limits
the achievable transmission distance. The chirp of the modulator
is low as can be deduced from the symmetric spectrum seen in
Fig. 2(b) and (c). The combined effect of chromatic dispersion
interaction with chirp is the main impairment in our system. It is
worth mentioning that the TWEAM chirp is engineered to a mild
degree of pulse chirping at the TWEAM in our implementation.
We exploit chromatic dispersion to compress the pulses over
the first meters of the link. That allows reducing the effective
length of our system which can even become negative [16].
The microwave design of the DFB-TWEAM can be applied
to a semiconductor material with a larger bandgap to achieve
modulation at operation wavelength in O-band [25], [26]. Then
transmission distances over SMF can be significantly improved.
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One would require having higher laser power in the modulator
due to larger attenuation in the O-band. We obtain 3.3 dBm of
modulated optical power at the input of the PIN photodetector
(3 dB BW >90 GHz and responsivity = 0.5 A/W), without the
insertion loss of a variable optical attenuator (VOA) that is used
to adjust the optical signal power. Afterward, the 170 Gbaud to
200 Gbaud OOK signal is amplified by another amplifier (22 dB
gain, 60 GHz bandwidth), however, for the 108 Gbaud OOK and
PAM signals we use a different electrical amplifier (11 dB gain,
65 GHz bandwidth). For 170 Gbaud to 200 Gbaud OOK, we
need a higher voltage swing to compensate for the frequency
roll-off in the system to achieve the best performance. We use
discrete photodetector and electrical amplifiers in the receiver
with 50 Ohm impedance matching to minimize the reflections
that can deteriorate signal performance. Then the signal is sam-
pled with 256 GSa/s UXR1104A Infiniium UXR-Serie digital
storage oscilloscope (DSO) and processed offline. We are using
a typical DSP routine that consists of a low-pass filter (LPF), a
timing recovery, a feed-forward equalizer (FFE) or a decision
feedback equalizer (DFE), and an error counter. An FFE with
a different number of feed-forward taps (FF-taps) and feedback
taps (FB-taps) is used to mitigate inter symbol interference (ISI)
induced by chromatic dispersion in intensity-modulated direct
detection systems where the phase information of the carrier is
not available. A DFE with a different configuration of taps is
used to mitigate ISI in presence of noise. The actual photo of
the setup is given in Fig. 1(b).

III. EXPERIMENTAL RESULTS

In this part, we show optical amplification-free high baudrate
link performance for on-off keying and pulse amplitude mod-
ulation. We use several forward error correction thresholds for
the result analysis. But we compare all modulation formats at a
6.25% OH HD-FEC threshold of 4.5×10-3. We also show the
values of the optical power received at the PIN photodetector and
voltage at the 256 GSa/s UXR1104A Infiniium UXR-Serie DSO
as insets on all the eye diagrams for each modulation format used
in the experiment. All eye diagrams correspond to the highest
received power and the same DFE configuration as per BER
curves.

We evaluate the performance for optical back-to-back (ob2b)
and after transmission over 200 meters of single-mode fiber for
170 Gbaud to 200 Gbaud OOK and 100 Gbaud PAM6. We
achieve a higher transmission distance with 108 Gbaud OOK
and 112 Gbaud PAM4 modulation formats.

A. On-Off Keying

In Fig. 3(a), we show the BER as a function of received optical
power (RX power) for 108 Gbaud OOK signal using the DFE with
7 feed-forward taps (FF-taps) and 7 feedback taps (FB-taps). The
number of taps in the DFE can be relaxed to 3 FF-taps and 3
FB-taps to achieve performance below the HD-FEC threshold
as can be seen from Fig. 3(c) where BER as a function of DFE
configuration is shown. We obtain the BER values in Fig. 3(c)
at minus 5 dBm of received optical power. That corresponds
to a voltage swing of 33 mV for ob2b and around 27 mV
after transmission. In addition, for ob2b and after 400 meters

Fig. 4. (a) BER versus RX power for 170 Gbaud and 180 Gbaud OOK with a
55 FF-taps&13 FB-taps DFE, and (b) Eye diagrams (see insets for details).

of SMF we can achieve below the HD-FEC threshold without
any post-equalization. We use this DFE configuration for the
transmission over 600 meters of SMF just to show that there is
still a margin on the signal performance. The post-equalization
allowed us to achieve signal performance below the KR-FEC
threshold of 2.1×10-5. We obtain a 1 dB and 3 dB power penalty
after 400 meters and 600 meters of SMF, respectively. It is worth
noting that the signal performance without any post-equalization
was just above the HD-FEC threshold after transmission over
600 meters of SMF. Eye diagrams after the equalization with
the opened eyes are shown in Fig. 3(b).

In Fig. 4(a), we show the BER as a function of RX power for
170 Gbaud and 180 Gbaud OOK signals using the DFE with
55 FF-taps and 13 FB-taps. The number of taps in the DFE can
be relaxed to 13 FF-taps and 3 FB-taps for 170 Gbaud OOK and
21 FF-taps and 3 FB-taps for 180 Gbaud OOK (see Fig. 6). We
use this configuration to show that there is still a margin on the
signal performance. We obtain the BERs below the HD-FEC
threshold for both cases: the ob2b and the 200 meters SMF;
eye diagrams after the equalization with the opened eyes are
shown in Fig. 4(b). We have around a 1 dB power penalty due
to transmission over 200 meters of SMF. It is worth noting that
the 170 Gbaud OOK signal performance was just above the
KR-FEC threshold.

The transmission performance in terms of BER versus
RXpower for 190 Gbaud and 200 Gbaud OOK signals is shown
in Fig. 5(a). We use the DFE with 55 FF-taps and 13 FB-taps to
achieve performance below the HD-FEC threshold of 4.5×10-3
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Fig. 5. (a) BER versus RX power for 190 Gbaud and 200 Gbaud OOK with a
55 FF-taps&13 FB-taps DFE, and (b) Eye diagrams (see insets for details).

for ob2b and after transmission over 200 meters of SMF. Eye
diagrams after the equalization with the opened eyes are shown
in Fig. 5(b). We obtain similar power penalty values for trans-
mission over 200 meters of SMF. The number of taps in the
DFE can be relaxed to 21 FF-taps and 3 FB-taps for 190 Gbaud
OOK and to 33 FF-taps and 3 FB-taps for 200 Gbaud OOK (see
Fig. 6). The 200 Gbaud OOK signal requires post-equalization
with at least DFE with 33 FF-taps and 3 FB-taps. That shows
that we are using signals that are with bandwidth beyond system
response. That requires a post-equalization to achieve significant
performance improvement.

A detailed analysis of the DFE impact on the 170 Gbaud,
180 Gbaud, 190 Gbaud, and 200 Gbaud OOK signals quality
is provided in Fig. 6. For the 170 Gbaud OOK signal, we
achieve below the KR-FEC threshold in the case of ob2b. Fiber
dispersion sets a limitation on achievable performance. An FFE
is not enough to reduce the bit error rate below the HD-FEC
threshold; at least 3 FB-taps are needed in combination with
13 FF-taps for 170 Gbaud OOK, 21 FF-taps for 180 Gbaud and
190 Gbaud OOK, and 33 FF-taps for 200 Gbaud OOK. Adding
more FB-taps does not improve the signal quality significantly.
These configurations of the post-equalizer bring the signal qual-
ity below the 6.25% OH HD-FEC threshold of 4.5×10-3 after
transmission over 200 meters long optical link where no optical
amplification is used thanks to the high output power of the
C-band externally modulated laser. Further improvement in the
performance can be obtained with short memory length maxi-
mum likelihood sequence estimation (MLSE) equalization [3].

B. Pulse Amplitude Modulation

We then extend our system performance evaluation with mul-
tilevel PAM signals, which further reflects the characteristics of
both the modulation linearity and the SNR. Two PAM configura-
tions, namely, PAM4 and PAM6 are employed for this study. We
explore the maximum supportable data rates by the system setup
for each modulation format, with BER performance fulfilling
the requirement of the 6.25% OH HD-FEC threshold. We also
see if the performance can be better and support the KP4-FEC
threshold.

Fig. 7(a) shows the BER performance as a function of the RX
power for 112 Gbaud PAM4 for both ob2b and after different
fiber link lengths. It is observed that for ob2b, the BER can
reach below the KP4-FEC threshold at 2 dBm using the DFE
with 55 FF-taps and 13 FB-taps. For 112 Gbaud PAM4 and 100
Gbaud PAM6 we only require a post-equalizer with only 3 tap
FFE to achieve the performance below the HD-FEC threshold
(see Fig. 8). Transmission over 200 meters fiber link results
in negligible power penalty compared with the ob2b, though
KP4-FEC is not achieved due to limited maximum power of
1.6 dBm in this case. Further increasing the transmission dis-
tance to 400 meters introduces about a 0.5 dB penalty due to
fiber chromatic dispersion. Finally, we observed an over 3 dB
power penalty for the 600 meters transmission case compared
with ob2b, whereas the 6.25% OH HD-FEC threshold is still
achievable thanks to the sufficient power margin. We obtain
approximately a 5 dB power budget for this link. That would
not be sufficient for operation in the O-band [27], [28]. The
power budget requirement can be met with an improved de-
sign of DFB-TWEAM. It is possible to achieve higher output
power for the laser design and a higher extinction ratio for the
modulator design. Another alternative is to use an integrated
optical preamplifier in the receiver e.g., a semiconductor optical
amplifier (SOA) instead of a low noise electrical amplification.
That allows to amplify the received signal well above the thermal
noise floor of the electrical amplifier and may hence provide
better receiver sensitivity. On the other hand, an SOA may give
pulse distortion due to its fast gain compression and if it is
integrated with the detector without any optical bandpass filter
in-between, the benefit of optical amplification will be further
hampered by broadband spontaneous emission noise. Therefore,
a further evaluation is required to quantify the potential benefit.
Fig. 7(b) shows the selected eye diagrams after the post-equalizer
for 112 Gbaud PAM4 in the case of ob2b and after 200 meters
transmission, captured at the highest achievable received optical
power values, respectively. One can see that in both cases clear
eye openings without any nonlinear distortions are obtained,
reflecting excellent characteristics of the system in terms of both
SNR and linearity.

Fig. 8(a) shows the BER performance versus RX power for
PAM6 signals at 100 Gbaud. Successful transmissions with
BER below the 6.25% OH HD-FEC threshold are achieved
for both ob2b and after 200 meters of SMF at this baudrate.
Less than 1 dB power penalty is observed after the 200 meters
transmission, indicating that the system is mainly limited by
noise due to the higher required SNR for PAM6. It is also
noted that further increasing transmission distance couldn’t
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Fig. 6. (a) Bit error rate versus number of taps in decision feedback equalizer for (a) 170 Gbaud OOK, (b) 200 Gbaud OOK, (c) 190 Gbaud OOK, and
(d) 200 Gbaud OOK links.

Fig. 7. (a) BER versus RX power for 112 Gbaud PAM4 with a 55 FF-taps&13
FB-taps DFE, (b) Eye diagrams (see insets).

Fig. 8. (a) BER versus RX power for 100 Gbaud PAM6 with a 55 FF-taps&13
FB-taps DFE, (b) Eye diagrams (see insets).

result in below the targeted FEC threshold due to limited re-
ceived power in this experiment. The eye diagrams for both
cases captured at the highest received power are shown in

Fig. 9. Bit error rate versus tap numbers of decision feedback equalizer for
(a) 112 Gbaud PAM4, and (b) 100 Gbaud PAM6 links.

Fig. 8(b). Like the 112 Gbaud PAM4 cases, negligible nonlin-
ear compressions are observed despite the increased amplitude
levels.

Finally, we evaluate the performance of the digital post-
equalizers with different complexities for both 112 Gbaud PAM4
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and 100 Gbaud PAM6. For PAM4, as shown in Fig. 9(a), the
targeted FEC threshold can be achieved even without DFE for
ob2b, and the BER after 200 meters of transmission is only
slightly above the threshold. Adding a 3-tap FFE is sufficient to
bring the BER performance of the 200 meters case below the
FEC threshold. This is mainly due to the digital pre-equalization
performed at the transmitter side to effectively pre-compensate
for the calibrated channel frequency response. The KP4-FEC
threshold can be achieved only for the ob2b case when up
to 13 tap FFE is used, whereas it is not achievable for the
200 meters case which is limited by received optical power.
Similarly, for PAM6, as shown in Fig. 9(b), the targeted HD-FEC
threshold can be achieved for ob2b without any DFE, and
3 tap FFE is sufficient to improve the BER performance of
the 200 meters transmission case to below the FEC threshold.
As the system is mainly limited by noise for higher-order
PAM signals, adding up to 13 feedback taps in the DFE con-
figurations only brings limited improvement compared with
FFE.

IV. CONCLUSION

We demonstrate amplification-free high baudrate optical links
thanks to high output power for the externally modulated laser.
The BER performance is well below the 6.25% OH HD-FEC
threshold for all modulation formats used in the experiment.
We demonstrate a 108 Gbaud OOK optical link without post-
equalization with performance below the KR-FEC threshold. We
also show a widely opened eye diagram for 200 Gbaud OOK
signal after transmission over 200 meters of SMF without any
optical amplification using the C-band EML. We benchmark
the short-reach optical link with 112 Gbaud PAM4 and achieve
performance below the KP4-FEC threshold for ob2b. We note
that the microwave design of the DFB-TWEAM can be applied
to a semiconductor material with a larger bandgap to achieve
modulation at different operation wavelengths. This would re-
quire having higher laser power in the modulator due to higher
fiber loss in the O-band.
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