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An optical amplification-free deep reservoir computing
(RC)-assisted high-baudrate intensity modulation direct
detection (IM/DD) system is experimentally demonstrated
using a 100G externally modulated laser operated in C-band.
We transmit 112 Gbaud 4-level pulse amplitude modulation
(PAM4) and 100 Gbaud 6-level PAM (PAM6) signals over
a 200-m single-mode fiber (SMF) link without any optical
amplification. The decision feedback equalizer (DFE), shal-
low RC, and deep RC are adopted in the IM/DD system
to mitigate impairment and improve transmission perfor-
mance. Both PAM transmissions over a 200-m SMF with
bit error rate (BER) performance below 6.25% overhead
hard-decision forward error correction (HD-FEC) thresh-
old are achieved. In addition, the BER of the PAM4 signal
is below the KP4-FEC limit after 200-m SMF transmis-
sion enabled by the RC schemes. Thanks to the use of a
multiple-layer structure, the number of weights in deep RC
has been reduced by approximately 50% compared with the
shallow RC, whereas the performance is comparable. We
believe that the optical amplification-free deep RC-assisted
high-baudrate link has a promising application in intra-data
center communications. © 2023 Optica Publishing Group

https://doi.org/10.1364/OL.485830

With the rapid development of large-scale data center networks,
the emerging traffic has imposed stringent requirements on
almost all aspects of short-reach optical communications to
support the upcoming 800 Gbit/s and 1.6 Tbit/s Ethernet [1].
Intensity modulation and direct detection (IM/DD) systems ful-
fill the ever-growing traffic demand while keeping a low cost,
low energy consumption, and small footprint. Currently, IM/DD

systems with 200 Gbit/s/lane rate are considered strong candi-
dates for intra-data center communications [2]. In addition, the
IM/DD systems with parallel fibers or wavelength-division mul-
tiplexing (WDM) are competitive solutions to achieve 800 Gbit/s
and beyond [3]. Recently, several short-reach optical transmis-
sion schemes have been reported in both O-band (i.e., 1.3 µm)
and C-band (i.e., 1.55 µm). In [4], a 4× 100 Gbit/s IM/DD sys-
tem with four-level pulse amplitude modulation (PAM4) format
over a 40-km single-mode fiber (SMF) transmission was demon-
strated in the O-band. Up to 363 Gbit/s eight-level PAM (PAM8)
and 279 Gbit/s polybinary transmissions over 10-km SMF were
achieved using a plasmonic Mach–Zehnder modulator work-
ing at the C-band [5]. Considering the energy consumption
and footprint requirements, these IM/DD systems would prefer-
ably operate with a monolithically integrated transceiver, e.g.,
vertical-cavity surface-emitting laser (VCSEL), directly modu-
lated laser (DML) [6], and externally modulated laser (EML),
as well as without any optical amplification [7]. In this case, var-
ious advanced digital modulation formats, including 100 Gbaud
PAM4, 80 Gbaud PAM8, and 50 GHz bandwidth DMT signals,
with a maximum bit rate of 236 Gbit/s were demonstrated with
a 50G-class O-band DML [6]. In [7], 200 Gbaud on–off key-
ing (OOK), 112 Gbaud PAM4, and 100 Gbaud 6-level PAM
(PAM6) signals were transmitted over a few-hundred-meters
SMF without any optical amplification using a 100G EML
operated in the C-band, because of the optical modulated sig-
nals with the higher output power and the enhanced extinction
ratio.

Despite operating at the O-band, the chromatic dispersion
(CD)-induced power fading on the side channels of either LAN-
WDM4/8 or Coarse WDM4/8 configurations arises as a critical
issue at high-baudrate [8]. The capacity-distance product of the
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IM/DD system is restricted by the CD-induced power fading
[9]. Such an issue can be tackled by increasing the system
power budget with higher output power from the transmitter
and/or higher receiver sensitivity or using sophisticated mitiga-
tion methods in analog or digital domains [10]. In the digital
domain, digital signal processing (DSP) algorithms, such as
feedforward equalizer, decision-feedback equalizer (DFE), and
nonlinear equalizations with Volterra series, etc., have been well
studied and often used to mitigate the high-baudrate short-reach
transmission impairments, i.e., CD-induced power fading, lim-
ited bandwidth, modulation nonlinearity, etc. [11]. Recently, the
research community has also turned to machine-learning tech-
niques, which bring opportunities to generate new knowledge in
application to combat fundamental and practical challenges in
optical communications [12]. Reservoir computing (RC) gains
more attention due to many conspicuous advantages by virtue of
its unique structure [13]. In addition, the optoelectronic or pho-
tonic RC, with the potential benefits of low power consumption
and high-speed computation, has also been proposed to address
signal recovery in optical communications [14,15].

In this Letter, we experimentally demonstrate an optical
amplification-free high-baudrate IM/DD system using a 100G
EML operated in the C-band. The transmissions of 112 Gbaud
PAM4 and 100 Gbaud PAM6 signals were achieved over a 200-
m SMF without any optical amplification. The DFE, shallow
RC, and deep RC are adopted to mitigate link impairments.
The BER performances of PAM4 and PAM6 signals below
6.25% overhead hard-decision forward error correction (6.25%
OH HD-FEC) limit of 4.5× 10−3 are obtained. In addition, we
achieve the BER below the KP4-FEC limit of 2.2× 10−4 in
the PAM4 signal over 200-m SMF transmission, thanks to the
performance improvement of RC schemes. The corresponding
eye diagrams are also shown to verify the transmission perfor-
mance. Finally, the computational complexity of these methods
is also comparatively discussed. We believe the proposed opti-
cal amplification-free deep RC-assisted high-baudrate IM/DD
system can provide a valuable reference for intra-data center
communications.

Figure 1 shows the experimental setup and digital signal pro-
cessor (DSP) routines for 112 Gbaud PAM4 and 100 Gbaud
PAM6 transmissions. The PAM4 and PAM6 signals are gen-
erated in MATLAB. We first generate a pseudorandom bit
sequence (PRBS) of >1 million bits using the Mersenne Twister
generator with a shuffled seed number. Next, the PAM4 and
PAM6 symbols are mapped from the PRBS and filtered by
a root-raised-cosine filter with a 0.02 and 0.15 roll-off factor,
respectively. Then, the pre-equalization is used to compensate
for the bandwidth limitation of the IM/DD system, and PAM4

Fig. 1. Experimental setup and DSP routine in transmitter and
receiver.
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Fig. 2. Schematic diagram of the deep RC.

and PAM6 symbols are unsampled to 256 GSa/s to match the
arbitrary waveform generator (AWG). After that, the output of
the AWG signal is amplified by an electrical amplifier (EA1)
with 60-GHz bandwidth. A C-band EML is used as an opti-
cal transmitter which consists of a monolithically integrated
distributed feedback laser and traveling-wave electroabsorption
modulator (DFB-TWEAM) [16]. The modulated signal’s optical
power at the output of the EML is 3.3 dBm, and the bandwidth of
the EML is 100 GHz. After a 200-m SMF link, the received opti-
cal signal is sent to a photodetector (3-dB bandwidth> 90 GHz
and responsivity= 0.5 A/W). A variable optical attenuator is
used to adjust the received optical power (ROP) before the pho-
todetector for transmission performance measurement. Then, the
output of the photodetector is amplified by EA2 with 65-GHz
bandwidth and sampled with a 256 GSa/s digital storage oscillo-
scope. In the DSP routine at the receiver, the DFE, shallow RC,
and deep RC schemes are off-line achieved in the lab computer
and used to mitigate the link impairment caused by the limited
system bandwidth and modulation nonlinearity. After optimiza-
tion of the number of taps, the DFE is configured at the 55
feedforward taps and 13 feedback taps [7], which benchmarks
the BER performance of RC schemes. The DFE with adaptive
weights is achieved by the least mean square algorithm.

Figure 2 shows the architecture of the deep RC. In the deep RC,
the first layer is fed by the external input, whereas the output of
the previous one feeds each successive layer. Note that we focus
on the architecture whose all layers connect to the output layer.
The reservoir state for each layer xl(n) can be obtained by the
following function [17]:

xl(n) =
{︃
tanh(Win,1u(n) + θ1 +W1x1(n − 1)) l = 1
tanh(Win,lxl−1(n) + θl +Wlxl(n − 1)) l>1 , (1)

where tanh is the activation function, u(n) is the input for the
first layer, and θ l is the bias-to-reservoir weight for the lth layer.
Here, Win,l is the input weight for the lth layer and is selected
from the uniform distribution over [−α, +α], where α is the
scale factor. The recurrent weight Wl for the lth layer is randomly
generated from a uniform distribution and re-scaled according
to the spectral radius ρ (ρ < 1). The output of the deep RC is
obtained by

y(n) = W′

out[u(n), x1(n), x2(n), x3(n), . . . , xNL(n)] + θ′out, (2)

where W’out denotes the readout weight of the deep RC, which
is decided in the training phase using the ridge regression algo-
rithm, and θ’out is the bias-to-readout weight. Note that the
shallow RC can be achieved by setting l= 1, and the input and
output bias equals to 1. We collect the received symbols as our
datasets for both RC schemes. The datasets of PAM4 and PAM6
have 870,000 and 840,000 symbols for each ROP, respectively.
We first use 5% of dataset symbols in the training phase to calcu-
late the weights. The weights are fixed after the training phase.
After that, 5% of dataset symbols are chosen for validation to
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Fig. 3. (a) PAM6 BER versus the number of reservoir units or lay-
ers; relationship among the PAM6 BER, scale factor α and spectral
radius ρ in (b) shallow RC and (c) deep RC.

optimize the RC performance. Finally, 90% of dataset symbols
are selected to test the RC performance.

We first study the BER performance with the hyperparam-
eters of shallow and deep RCs. An example of optimization is
shown using PAM6 symbols after 200-m SMF transmission, and
the optimization process for others is similar. The influence of
the number of reservoir units and layers for 100 Gbaud PAM6
transmission over 200-m SMF is investigated. For this evalua-
tion, we set scale factor α= 0.6 and spectral radius ρ= 0.1 in
shallow RC, scale factor α= 0.85 and spectral radius ρ= 0.1 for
all layers in deep RC, and regularization parameter k= 1× 10−8

for both RCs. Figure 3(a) shows the relationship between the
number of reservoir units or layers and 100 Gbaud PAM6 BER
performance after 200-m SMF transmission. One can observe
that the BER performance improves as the number of reservoir
units grows for the shallow RC-based scheme. The BER floor
occurs when the reservoir units are larger than 150. With fixed
reservoir units D in each layer of deep RC, the BER perfor-
mance of the PAM6 signal is improving as the number of layers
L increases. With the same BER performance, the number of
layers and the number of reservoir units in each layer can be
optimized considering the computational complexity. To trade
off the BER performance and the computational complexity of
RC methods, we choose 80 reservoir units for shallow RC and

Fig. 4. (a) PAM6 BER versus ROP in the B2B case; (b) PAM6 and (c) PAM4 BER versus ROP for 200-m SMF transmission. Insets are
selected eye diagrams.

4 layers with 20 reservoir units in each layer for deep RC in the
PAM6 transmission.

Then, we move to the optimization of scale factor α and
spectral radius ρ in both RC approaches. The remaining param-
eters of RC are untouched. Figures 3(b) and 3(c) show the BER
performance dependency on scale factor α and spectral radius
ρ in shallow RC and deep RC, respectively. When the scale
factor α and spectral radius ρ ranges from 0 to 1, we obtain
BER= 1.54× 10−3 around the region of α= 0.1 and ρ= 0.6 for
shallow RC and BER= 1.5× 10−3 around the area of α= 0.1 and
ρ= 0.85 for deep RC. After the optimization of scale factorα and
spectral radius ρ, the influence of the regularization parameter
k is also evaluated, and the optimal regularization parameters of
deep RC and shallow RC are 1× 10−10 and 1× 10−9, respectively.

Next, 100 Gbaud PAM6 transmission performances are eval-
uated for the back-to-back (B2B) case and after 200-m SMF
transmission. Figures 4(a) and 4(b) show the PAM6 BER as a
function of ROP in the B2B case and after 200-m SMF trans-
mission, respectively. By applying the RC and DFE approaches,
BERs below 6.25% OH HD-FEC are achieved in both cases.
BERs cannot meet the 6.25% OH HD-FEC requirements in both
cases without the impairment mitigation schemes. Compared
with the DFE, RC methods offer approximately 1-dB ROP sen-
sitivity improvement at 6.25% OH HD-FEC in the B2B case and
after 200-m SMF transmission. The selected eye diagrams with
deep RC (left) and without post-processing (right) are shown in
the insets of Figs. 4(a) and 4(b). In addition, 112 Gbaud PAM4
transmission performance is also evaluated after 200-m SMF
transmission. Figure 4(c) shows the PAM4 BER as a function
of ROP after 200-m SMF transmission. With the DFE, a BER
performance below 6.25% OH HD-FEC is achievable, though
BER performance below KP4-FEC is not achieved.

Further improvement in the BER performance can be obtained
using RC approaches with 120 reservoir units for shallow RC
and 30 reservoir units of four layers for deep RC. A PAM4 BER
performance below KP4-FEC is achieved. Compared with the
DFE, the RC schemes only bring limited improvement because
the performance is mainly determined by the system noise for
PAM signals. The selected eye diagrams with deep RC (left) and
without post-processing (right) are also shown in the insets of
Fig. 4(c) to show the transmission performance.

Finally, the computational complexity of RC approaches is
compared. The number of weights often corresponds to the
computational complexity (i.e., multiply operation, generation,
storage of weights, etc.). Figure 5 shows the relationship between
the number of weights and the number of reservoir units in shal-
low and deep RCs. One can see that the increase of weights
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Fig. 5. Relationship between the number of weights and the
number of reservoir units in shallow and deep RC.

Table 1. Comparison of Computational Complexitya

Methods Total Number of Real Multiplications

DFE N (68)
Shallow RC H·(H+ 3)+ 2 (6642)
Deep RC D2·(2L− 1)+D·(L+ 2)+ 2 (2922)

aN, the total number of feedforward and feedback taps in the DFE; H, the
total reservoir units of shallow RC; D, the reservoir units of each layer in
deep RC; L, the number of layers of the deep RC; (*), the number of real
multiplications in this work.

in shallow RC is much larger than in deep RC when the reser-
voir units are larger than 80. Compared with the shallow RC, the
increase of reservoir units in deep RC can be achieved by adding
multiple layers, and then the connections between two different
layers are reduced. Considering 80 reservoir units for shallow RC
and 20 reservoir units of four layers for deep RC in our study, the
deep RC achieves an approximately 50% weight reduction with-
out degrading the BER, indicating that the deep RC has lower
computational complexity and is hardware friendly. In addi-
tion, the computational complexity between the DFE and RC
schemes is discussed and shown in Table 1. The RC approaches
are shown to be more complex than the DFE scheme [18]. How-
ever, the further BER performance improvement enabled by the
RC schemes is of great significance in the optical unamplified
short-reach communication system.

In conclusion, we have demonstrated an optical amplification-
free deep RC-assisted high-baudrate transmission for intra-data
center interconnections. Signals of 100 Gbaud PAM6 and
112 Gbaud PAM4 were successfully transmitted over a 200-
m SMF link with the BER below 6.25% OH-HD-FEC limit.
For the PAM6 transmission, approximately 1-dB ROP sensi-
tivity enhancement for B2B and 200-m SMF transmission was
achieved using both RC schemes. We also have reached the BER
below the KP4-FEC limit for PAM4 over 200-m SMF transmis-
sion, thanks to improved transmission performance with RC
schemes in the optical amplification-free link. The deep RC
and shallow RC have comparable BER performance, whereas
the hardware requirement of weights generation and storage in

deep RC is lower than in shallow RC. We believe that the opti-
cal amplification-free deep RC-assisted high-baudrate IM/DD
system has a promising application for the next generation of
intra-data center communications.
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