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200 Gb/s Optical-Amplifier-Free IM/DD

Transmissions Using a Directly Modulated O-Band
DFB+R Laser Targeting LR Applications
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Abstract—We experimentally demonstrate an O-band single-
lane 200 Gb/s intensity modulation direct detection (IM/DD) trans-
mission system using a low-chirp, broadband, and high-power
directly modulated laser (DML). The employed laser is an isolator-
free packaged module with over 65-GHz modulation bandwidth
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enabled by a distributed feedback plus passive waveguide reflec-
tion (DFB+R) design. We transmit high baud rate signals over
20-km standard single-mode fiber (SSMF) without using any
optical amplifiers and demodulate them with reasonably low-
complexity digital equalizers. We generate and detect up
to 170 Gbaud non-return-to-zero on-off-keying (NRZ-OOK),
112 Gbaud 4-level pulse amplitude modulation (PAM4), and
100 Gbaud PAMG in the optical back-to-back configuration. Af-
ter transmission over the 20-km optical-amplifier-free SSMF link,
up to 150 Gbaud NRZ-OOK, 106 Gbaud PAM4, and 80 Gbaud
PAMBG6 signals are successfully received and demodulated, achiev-
ing bit error rate (BER) performance below the 6.25%-overhead
hard-decision (HD) forward-error-correction code (FEC) limit.
The demonstrated results show the possibility of meeting the strict
requirements towards the development of 200 Gb/s/lane IM/DD
technologies, targeting 800 Gb/s and 1.6 Tb/s LR applications.

Index Terms—Direct modulation, distributed-feedback laser,
on-off keying, pulse amplitude modulation.

1. INTRODUCTION

RIVEN by the rapid traffic growth and the subsequent

bandwidth-scaling pace of switches for data center net-
works, the technology roadmap indicates the upgrade from
the ongoing-deployed 400 Gb/s optical modules to the next-
generation 800 Gb/s or 1.6 Tb/s optical modules, will soon
happen. Consequently, upgrading the single-lane data rates from
100 Gb/s to 200 Gb/s will be desirable to reduce the lane count
and footprint [1]. Compared with 50/100 Gb/s lane rates, the
200 Gb/s/lane technologies face both fundamental and practical
challenges towards development, including system bandwidth
limitation from both the electronics and optoelectronics, limited
footprint and energy efficiency from the components, and the
digital signal processing (DSP) application-specific integrated
circuit (ASIC), as well as the bounded latency requirement
from the forward error correction (FEC) coder and decoder [2].
Moreover, the power budget requirements become very strin-
gent, and the power penalties induced by chromatic dispersion
(CD) become non-negligible on the side channels of the 20-
nm spacing 4-channel coarse wavelength division multiplexing
(CWDM4) or even the 800-GHz spacing LAN-WDM4 configu-
rations. Therefore, it is more likely to firstly extend the intensity-
modulation and direct-detection (IM/DD) technologies to DR
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(500 m) or DR+ (2 km) coverage at 200 Gb/s/lane with parallel
single mode fiber (PSM) configurations. Further extending the
IM/DD technologies to support FR (2 km CWDM4) and even
LR applications (6 km/10 km LAN-WDM4) becomes excep-
tionally challenging considering the required power budget to
compensate for the CD-induced power penalties and therefore
remains to be explored [3].

In recent years, many 200 Gb/s/lane IM/DD transmissions
have been demonstrated using different types of enabling broad-
band optoelectronic components [4]. On the one hand, external
modulator-based transmitters such as silicon-photonic [5], [6],
plasmonic [7], [8], [9], and thin-film Lithium Niobate- (TFLN)
[10], [11], [12], [13] Mach-Zehnder modulators (MZM) or
micro-ring modulators (MRM) [14], [15], [16] have shown
excellent performance in terms of bandwidth and modulation
linearity for high baud rate operation, however, requiring high-
power external light sources to operate. On the other hand,
monolithically integrated transmitters such as electro-absorption
modulated lasers (EML) [17], [18], [19], [20], [21], [22], [23],
[24], [25] and directly modulated lasers (DML) [26], [27], [28],
[29], [30], [31] with a potentially smaller footprint and lower
power consumption, also show promising characteristics in
supporting over 200 Gb/s/lane transmissions. Moreover, recent
efforts in monolithically integrating laser sources with TFLN
modulators have been reported [32].

However, most of these reported over 200 Gb/s IM/DD trans-
mission results are achieved with the assistance of optical ampli-
fiers or complex DSP algorithms, particularly for transmission
distances over 10 km. Digital equalizers of over a few tens or
even hundreds of taps, complex nonlinear equalizers based on
2nd or 3rd-order Volterra series, or artificial neural networks
(ANN) are often employed to combat the bandwidth (BW)
limit and other linear/nonlinear system impairments. Moreover,
many of these demonstrations were benchmarked against the
high-coding gain soft/hard-decision (SD/HD) FEC code limit
with large overhead (OH). Although the use of concatenated
SD-FEC schemes has recently been discussed in IEEE 802.3 to
improve the overall coding gain [33], it also suggests that large
OH should be avoided, as it may introduce unrealistically high
complexity and latency for datacom applications. Concatenated
FEC framework was proposed by the 800G Pluggable MSA to
adopt staircase code variants for FR specification, which appears
as a reasonable option considering the balance between coding
gain and latency [34]. As we are approaching standardization
and practical development, it is extremely challenging to simul-
taneously meet the stringent requirements of high-bandwidth
and sufficient power budget while maintaining low cost, low
complexity, and low latency. Lately, several vendors have re-
ported and demonstrated 200 Gb/s EML modules, mainly tar-
geting DR/DR+ and FR applications, and their capabilities in
supporting LR applications remain to be seen [35], [36], [37].
Meanwhile, it’s worth mentioning that a state-of-the-art 200
Gb/s transmission system demonstration using a high-power
DFB+R laser was reported, achieving 10-km single-mode fiber
(SMF) with 800G compliant DSP, achieving bit error rate (BER)
performance below 7% HD-FEC limit [31]. Yet, the system-
level performance limit of such lasers remained to be further
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explored with higher-speed electronics and longer transmission
distances.

In this article, we extend our latest report on a 200 Gb/s O-band
optical-amplifier-free IM/DD system using a directly modulated
DFB+R laser [38], with additional results of higher baud rate
signals generation and detection in the optical back-to-back
configuration and more detailed discussions. Compared with
the previous demonstration with the DFB+R [31], this time, we
further improved on the generated and received signal quality by
using higher sampling-rate test equipment, i.e., arbitrary wave-
form generator (AWG, Keysight M8199A) and real-time digital
storage oscilloscope (DSO, Keysight UXR1104A) both operat-
ing at 256 GSa/s and carefully optimized impedance matching at
all connections. We show that the demonstrated system can meet
the strict requirements of the power budget of 20-km standard
single-mode fiber (SSMF) transmission without the use of any
high-complexity nonlinear digital equalizations, achieving BER
performance below the 6.25%-overhead (OH) hard-decision
(HD)-FEC limit [39]. Note that the adopted FEC limit is only for
the purpose of benchmarking the system performance whereas
the practical FEC implementation for the targeted scenarios
remains to be defined. This work, to the best of our knowledge,
is among the first experimental demonstrations of 200 Gb/s
optical-amplifier-free IM/DD systems simultaneously fulfilling
these practical requirements, carrying on the momentum of
developing high-baud rate IM/DD solutions for 800 Gb/s or 1.6
Tb/s for LR applications.

II. EXPERIMENTAL CONFIGURATION

In this section, we first introduce the key enabling com-
ponents of the high-speed transmission demonstration, i.e.,
the high bandwidth directly modulated DFB+R laser module.
Then, we briefly describe its features and show the measured
characteristics. Next, we describe the experimental configu-
ration of the transmission system in detail, enabled both by
this laser module and the state-of-the-art high-speed testing
equipment.

A. Low-Chirp Broadband DFB+R Laser

In this experiment, the enabling component is a packaged
65-GHz-class DFB+R laser module with low chirp and high
output power, which was fabricated on a time-tested reliable
InP buried heterostructure (BH) platform based on a recently
reported design [30]. A photo of the laser module is shown
in Fig. 1(a). In this design, two essential effects are utilized
to enhance the modulation performance of the laser, i.e., the
photon-photon resonance (PPR) effect [40] and the detuned-
loading (DL) effect [41]. For the PPR, a passive waveguide is
integrated with the DFB laser to provide optical feedback to the
DFB section, forming an external cavity mode in the vicinity of
the DFB mode that resonantly amplifies the modulation sideband
of the DFB laser, thus enhancing the modulation bandwidth. The
DL effectisrealized by forming an in-cavity etalon filter between
the DFB grating and a 3% mirror on the facet of the passive
waveguide, enhancing the differential gain and reduces the laser
chirp. Consequently, the modulation bandwidth is improved.
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Fig. 1. (a) A photo of the packaged directly modulated DFB+R laser module.
(b) The measured P-I curve of the laser, where two kink points are observed
where mode hops occur.

The P-I curve of the DFB+R laser is shown in Fig. 1(b),
which was measured when operating at 17 °C. Two kink points
are observed with increased laser drive current where the output
power drops due to mode hops. Both the DL and the PPR
effects are maximized before the kink points. Thus, the laser
is optimally operated close to the kink points to maximize the
modulation bandwidth. In the experiment, optimal bias points
were found around 8-9 mA before the kinks, as biasing the
laser too close to the kinks may cause instability and lead
to unwanted mode hops. Therefore, in practical transceiver
configurations where automatic power control is required, it
is advisable to use an external power regulator and avoid
regulating the power by adjusting the laser bias. It is worth
noting that more than 20 mW output power can be obtained
when driving the laser at the optimal operating point close
to kink 2.

B. Optical Amplifier-Free IM/DD Transmission Setup

Fig. 2 shows the experimental setup for the IM/DD trans-
mission system. We use a 256 GSa/s AWG of 65 GHz band-
width to generate the modulation signals. Three modulation
formats are employed for system performance evaluation, i.e.,
non-return-to-zero on-off-keying (NRZ-OOK), 4-level pulse
amplitude modulation (PAM4), and PAM6. Their symbols are
Gray coded from a random binary sequence of >1 million
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unrepeated bit-length generated using the Mersenne Twister
with a shuffled seed number. Then, the symbol sequence is
filtered with a root-raised-cosine (RRC) pulse shaping filter with
roll-off factors of between 0.1 and 0.2, optimized for different
baud rates and each modulation format. The AWG output signal
is amplified to around 2 Vpp by an electrical amplifier (EA) of
65 GHz. An external bias-tee with 60-GHz bandwidth is used
to deliver the combined bias current and the modulation signal
to the DFB+R laser. The operational temperature of the laser is
stabilized at 17 °C with a thermoelectric controller (TEC). One
should note that it is possible to achieve a cavity-enhanced DML
bandwidth also at a higher temperature, e.g., 50 °C, under semi-
cool operation to reduce TEC power consumption. However,
such an operation may introduce slightly degraded performance
in terms of bandwidth and power due to the thermal reduction
of the material differential gain. Such a degradation should be
practically compensated for by improved driving signal quality
and higher modulation depth when developing the transceiver.
The DFB+R output is directly launched into a 20-km G.652
SSMF link. At the receiver, the received optical power (ROP) is
adjusted by a variable optical attenuator (VOA) and detected
by a 70 GHz photodiode (PD). After the PD, the signal is
electrically amplified by another 65-GHz EA and captured by a
256 GSa/s real-time DSO with 110 GHz bandwidth. No optical
amplifiers are used before or after the fiber transmission. For
offline demodulation, the received signal is firstly upsampled to
8 samples per symbol and then decimated to 1 sample per symbol
based on the maximum variance method. Then symbol-spaced
data-aided feedforward equalizers (FFE) or decision feedback
equalizers (DFE) are employed for equalization. The equalizers
are trained with the first 2!* symbols for convergence. After con-
vergence, the equalizers are tested on the remaining sequences
of >1 million symbols with blind adaptation. After equalization,
hard decisions are performed on the symbols for symbol-to-bit
demodulation, and the BER is counted for each modulation
format.

Fig. 3(a) and (b) show the characterized end-to-end amplitude
and phase response of the system in an optical back-to-back
(B2B) configuration, including the cascaded channel responses
of the AWG, the DFB+R laser, the PD, the DSO, and all the
electrical components in between, measured close to the two
kink points, respectively. A more flattened amplitude response
and a smoother phase response are observed when biasing the
laser close to kink 2 compared with biasing at kink 1. Moreover,
the DFB+R laser has almost 3 dB higher output power when
biasing around kink 2 than kink 1, as earlier shown in Fig. 1.
Therefore, the bias point of the laser was set close to kink 2 at
around 71 mA during the transmission measurements to obtain
an optimal balance between bandwidth and stability. Finally,
based on the pre-calibrated amplitude and phase responses
shown in Fig. 3, we perform static pre-equalization at the AWG
to flatten the response up to 45 GHz.

Fig. 4 shows the optical spectra of the optical signals measured
after the 20-km SSMF link, modulated with signals of three
modulation formats at different baud rates when the laser is
biased at 71 mA. The central wavelength of the DFB+R laser
at this bias point is around 1313.8 nm.
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Fig.2. The experimental setup of the DML-based IM/DD transmission link. AWG: Arbitrary waveform generator. EA: Electrical amplifier. TEC: Thermoelectric

controller. SSMF: Standard single-mode-fiber. VOA: Variable optical attenuator. PD: Photodiode. DSO: Digital storage oscilloscope.
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Fig. 3. The end-to-end system frequency responses of (a) the amplitude and
(b) the phase measured at two kink points, respectively. Measurements were
performed with the optical B2B configuration without the fiber link.

III. EXPERIMENTAL RESULTS

After characterizing the power and frequency performance
of the DFB+R laser, we continue with evaluating the system
transmission performance with the previously mentioned three
modulation formats, i.e., NRZ-OOK, PAM4, and PAM6. For
each modulation format under test, we explore the highest
bit rates with achievable BER against the 6.25%-OH staircase
HD-FEC limit of 4.5E-3 [39]. One should note that such an
FEC threshold is only adopted for performance benchmarking,
and more specific FEC codes should be applied in practice.
Moreover, the complexity of the digital equalizers is bounded to
symbol-spaced FFE or DFE with a total number of taps below
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Fig. 4. Optical spectra of received signals measured after the 20-km SSMF

transmissions for the three evaluated modulation formats with different baud
rates.

50 to emulate the performance of practically implementable
configurations.

A. Transmission Performance of NRZ-OOK

Fig. 5(a) shows the BER performance as a function of the
received optical power for 150 Gbaud NRZ-OOK, which is
the highest achievable baud rate after transmission over 20-km
SSMF. In this case, due to the significant inter-symbol interfer-
ence (ISI) induced by the bandwidth limit of the system, BER
floors above the 6.25%-OH HD-FEC limit are observed when
equalized only with FFE of up to 33 taps, as the FFE enhances
the high-frequency noise. In all cases, clear performance im-
provements are observed when adding only 3 decision feedback
taps. We show that 13-tap FFE + 3-tap DFE is sufficient to
compensate for the IST and suppress the high-frequency noise
enhancement to achieve BER performance below the KR4-FEC
threshold of 2 x 107 in the B2B case and below the 6.25%-OH
HD-FEC threshold after 20-km SSMF transmission. Moreover,
negligible power penalty is observed with the fiber transmission,
as the laser wavelength is close to the zero dispersion point of
the SSMF.

We further explore the highest achievable NRZ-OOK baud
rate only in the optical B2B configuration. In this case, up to
170 Gbaud signal is successfully generated and received, and
the results are shown in Fig. 5(b). Due to the increased signal
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Fig. 5. Measured BER results as a function of the received optical power
for (a) 150 Gbaud NRZ in both the optical B2B and 20-km SSMF cases, and
(b) 170 Gbaud NRZ for optical B2B, respectively, with different FFE/DFE
configurations. Selected eye diagrams are shown for the cases of (c) 150 Gbaud
B2B, (d) 150 Gbaud 20-km SSMF and (e) 170 Gbaud B2B measured after 33-tap
FFE+-3-tap DFE at highest received optical power, respectively.

bandwidth and the subsequent more severe ISI, up to 21-tap FFE
+ 3-tap DFE is required to achieve BER performance below
the 6.25%-OH HD-FEC threshold. We also observed signal
demodulation failures at low received optical power values (<-2
dBm) in the case of using DFE, as shown in Fig. 5(b), resulting
from severe error propagation. Fig. 5(c), (d), and (e) show
selected eye diagrams for the 150 Gbaud NRZ-OOK signals in
both the optical B2B and after 20-km SSMF cases, as well as the
170 Gbaud NRZ-OOK in the optical B2B case. The eye diagrams
are plotted after 33-tap FFE+3-tap DFE at the respective highest
received optical power value for each case. Clear eye openings
can be observed in all three cases.
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Fig. 6. (a) Measured BER results as a function of the received optical power
for 106 Gbaud PAM4 in both the optical B2B and 20-km SSMF cases, and
112 Gbaud PAM4 for optical B2B, respectively, with different FFE/DFE con-
figurations. Selected eye diagrams are shown for the cases of (b) 106 Gbaud
B2B, (¢) 106 Gbaud after 20-km SSMF and (d) 112 Gbaud B2B measured after
33-tap FFE+3-tap DFE at highest received optical power, respectively.

B. Transmission Performance of PAM4

We then switch to the PAM4 signal format with the same
system configuration to explore the supported data rates against
the benchmarking FEC threshold. For PAM4, we achieved up to
106 Gbaud symbol rate after the 20-km SMF, corresponding to
a gross data rate of 212 Gb/s. Fig. 6(a) shows the measured BER
results with different equalizer configurations. Compared with
the NRZ-OOK, the performance gap between the FFE-only
and the FFE+DFE cases becomes smaller due to reduced
signal bandwidth. Thus, the impact of the DFE taps becomes
less significant as the FFE-induced high-frequency noise
enhancement is reduced. Nevertheless, the decision feedback
taps are still necessary to achieve the below FEC threshold
performance. With 21-tap FFE 4 3-tap DFE, the BER can reach
below the KP4-FEC limit of 2.2 x 10~ for optical B2B and
below the 6.25%-OH HD-FEC threshold after 20-km SSMF
transmission. Again, we explore the highest achievable symbol
rate only with optical B2B, showing that 112 Gbaud PAM4
can be generated and received with a BER floor below the
6.25%-OH HD-FEC threshold. Selected eye diagrams for the
three cases are shown in Fig. 6(b)—(d), respectively. These eye
diagrams show that the DFB+-R laser is driven within its linear
modulation region with no eye compressions in the upper or
lower amplitude levels observed.

C. Transmission Performance of PAM6

Lastly, the transmission performance of PAM6 is evaluated
with the experimental setup. Up to 100 Gbaud and 80 Gbaud
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Fig.7. (a)Measured BER results as a function of the received optical power for
80 Gbaud PAMG6 in both the optical B2B and 20-km SSMF cases, and 100 Gbaud
PAMG for optical B2B, respectively, with different FFE/DFE configurations.
Selected eye diagrams are shown for the cases of (b) 80 Gbaud B2B, (c) 80 Gbaud
after 20-km SSMF and (d) 100 Gbaud B2B measured after 33-tap FFE+3-tap
DEFE at highest received optical power, respectively.

are achieved in optical B2B and after 20-km SSMF cases,
corresponding to gross data rates of 250 Gb/s and 200 Gb/s,
respectively. Fig. 7(a) shows the measured BER results. At
80 Gbaud, 13-tap FFE + 3-tap DFE is needed to achieve BER
performance below the KP4 FEC limit for optical B2B, and only
13-tap FFE is required to achieve below the 6.25%-OH HD-FEC
limit after 20-km SSMF transmission. The performance gap
between the FFE-only and the FFE+DFE cases becomes even
smaller, and they almost overlap with each other at the highest
received optical power after the 20-km SSMF transmission. This
is due to the reduced signal bandwidth, resulting in decreased
high-frequency noise enhancement after the FFE. At 100 Gbaud,
at least 33-tap FFE + 3-tap DFE is required to achieve BER
below the 6.25%-OH HD-FEC threshold in the case of optical
B2B.

Fig. 7 also shows the selected eye diagrams for all tested
cases at their highest received optical power, respectively. Again,
excellent modulation linearity and noise characteristics of the
directly modulated DFB+R laser are verified as there are no
amplitude compressions at high-level modulation formats, de-
spite that no nonlinear equalizers are employed.

In summary, up to 200 Gb/s IM/DD transmission over 20-km
SSMF can be achieved with both PAM4 and PAMG6 signals. It
is worth noting that we demonstrate 20-km transmission with
the purpose of showing power budget margins to potentially
compensate for the power penalties of the side channels in
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CWDM4 or LAN-WDM4 configurations in supporting 6 km
or 10 km LR applications. The actual implementation of WDM
with multiple DFB+R lasers with dedicated wavelengths will
be the next-phase target.

IV. CONCLUSION

We experimentally demonstrate up to 200 Gb/s IM/DD trans-
missions over 20-km SSMF in the O-band without using any op-
tical amplifiers or complex nonlinear digital equalizers, bench-
marked against the 6.25%-OH HD-FEC limit. The key enabling
component is the high-power, low-chirp, and broadband directly
modulated DFB+R laser. We show that the modulation and
power characteristics of the tested laser module can potentially
support 200 Gb/s/lane IM/DD transmission for 6 km or 10 km
LR applications, which are considered highly challenging with
other types of integrated optical transmitters without the use of
optical amplifications. We consider this demonstration a solid
case for carrying on the momentum of IM/DD technologies for
the next-generation 800 Gb/s or 1.6 Tb/s data center applications.
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