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Abstract—Flexible Pulse Amplitude Modulation (FlexPAM)
consists of the use of non-standard PAM formats, such as PAM-5 or
PAM-6, to increase the granularity of the link capacity for a given
baud rate. In this paper, we demonstrate FlexPAM systems as a
scalable solution for future data center interconnects, introduce a
symbol-to-bit mapping that minimizes the effect of intensity noise
in the performance of non-power of two number of levels formats,
and present experimental and simulation results of an unamplified
FlexPAM transmission system over 1 km of single-mode fiber. 20
GBaud transmission was successfully demonstrated experimen-
tally for modulation formats ranging from OOK up to PAM-16
using an integrated InP-Si3N4 laser. In addition, a simulation to
closely replicate the experiment was used to determine the system
requirements to achieve transmission rates of up to 200 Gbps on a
single wavelength, at a baud rate of 53.5 Gbaud with component
bandwidth limitations of 30 GHz.

Index Terms—Data centers, FlexPAM, integrated photonics,
PAM-16.

I. INTRODUCTION

THE increasing popularity of online services like streaming
platforms, cloud storage, cloud computing, or video call

services is driving an unprecedented rise in the bandwidth re-
quirements of data centers (DC). The current trend in intra-DC
links consists of moving towards transmission rates up to 100
Gbit/s per wavelength using 4-level pulse amplitude modulation
(PAM-4) [1]. The need for increased capacity within the DC can
be achieved by increasing the number of lanes (wavelengths),
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via wavelength division multiplexing (WDM), or data rate per
lane in the intra-DC link. Increasing the data rate per lane
can be achieved through the use of more advanced modulation
formats with intensity modulation and direct detection (IM/DD)
technology, such as PAM-8/16 [2], or an optical coherent ap-
proach using complex modulation such as 16-quadrature am-
plitude modulation (QAM) [3]. As coherent communications
technologies become more cost-effective through advances in
integrated photonics, it is feasible that a coherent approach may
be adopted in future DC networks, however, due to cost issues,
it is anticipated that DCs will continue to employ IM/DD in
the short to medium term. Increasing the data rate per lane,
in an intra-DC link, by moving to higher-order formats beyond
PAM-4 will require improved signal-to-noise ratio (SNR), which
will place additional limitations on the components used in the
transmission system. Works on IM/DD transmissions at rates
beyond 100 Gbaud [2], [4] demonstrate that it is feasible to
obtain single lane data rates in excess of 200 Gbit/s. However, the
transition towards a WDM implementation, in combination with
some degree of optical switching (implemented using optical
filters and multiplexers) [5]–[7], can result in a drastic variation
in path loss present in individual server-to-server links in the DC.
This in turn leads to different achievable link data rates, which
can be accommodated by operating at a constant baud rate with
different modulation formats. With traditional PAM-M formats,
where M is a power of two, the SNR requirements grow sharply
as the number of levels increases from 4 to 8 and 16, limiting
potential capacity increases. This constraint can be alleviated
by the use of probabilistic shaping (PS) of high-order traditional
PAM-M formats [8], [9], which can potentially give enhanced
capacity and performance at the cost of additional computational
cost. Another option consists of the use of FlexPAM [10] for-
mats, in which a fractional number of bits is encoded in each
symbol by using a non-power of two number of levels (e.g.,
PAM-6). The use of FlexPAM enables finer granularity in the
modulation format that gives the maximum throughput for a
specific system SNR (which may change due to temperature
variations that alter the laser output power and receiver noise,
and different optical paths as optical switching is implemented
in future DC architectures) at the very modest computational
cost of a lookup table.

Some examples of non-power of two PAM levels can be found
in the literature: Ingham et al. [11] proposed the use of PAM-3
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Fig. 1. Experimental setup. The inset (I) shows the asymmetric PAM-3 symbols-to-bit mapping. Inset (II) shows the optical spectrum of a PAM-8 signal at the
PD and (III) shows the received electrical spectrum at the RTO.

and compared its performance with on-off keying (OOK) and
PAM-4 in a simulation study, while Zhou et al. [10], [12] recently
studied the theoretical performance of the different PAM levels
ranging from PAM-4 to PAM-8 in the context of intra-DC links.
Wei et al. [13]–[15] demonstrated an experimental comparison
between PAM-4, PAM-6, and PAM-8, showing transmission
rates over 200 Gbps but relying on the use of complex digital
signal processing (DSP) techniques such as a Volterra nonlinear
equalizer, which may not be suitable for the existing intra-DC
links.

The improvement in SNR required to achieve higher-order
modulation formats, as well as increasing transmission distance,
is producing a transition towards externally modulated lasers
[16] developed using photonic integrated circuit (PIC) technol-
ogy, which can also provide sources for intra-DC links with
lower power consumption and smaller footprint [17]. Moreover,
integration in chip with other components such as modulators,
amplifiers, or filters can aid the development of fully integrated
transceivers for future DC links. In this paper, we present a
simulation and an experimental demonstration of a short-reach
optical transmission system using FlexPAM formats ranging
from OOK to PAM-32. At the transmitter, a photonic integrated
dual laser module based on InP semiconductor optical amplifiers
(SOA) and low loss Si3N4 feedback circuits is used as an optical
source. 20 GBaud transmission over 1 km of single-mode fiber
(SMF) was demonstrated experimentally for 11 different PAM
formats up to PAM-16, achieving a bit error ratio (BER) below
3.8e-3 for 10 formats, including PAM-16. This work harnesses
the properties of the laser described in [18] to enable experi-
mental FlexPAM transmission demonstrations and performance
analyses aimed at next generation flexible DC environments. In
addition, the capabilities of the developed system are further
explored through numerical simulations which, under the same
conditions and baud rate as the experiment, closely match the
experimentally measured results, and show that with an increase
of 7 dB on the electrical signal SNR, the system is capable
of supporting PAM-32. The simulation also shows that with a
5 dB increase in SNR beyond that used in the experimental
work and only a moderate increase in transmitter bandwidth,
53.5 GBaud transmission is feasible for modulation formats up
to PAM-16, reaching data rates as high as 214 Gbit/s on a single
wavelength.

Fig. 2. Measured RIN at different sample wavelengths for the tunable laser
module with the gain section biased at 170 mA.

II. INTEGRATED DUAL LASER MODULE

The integrated dual tunable laser module used for the ex-
periment consists of two lasers, each one consisting of an InP
gain section and Si3N4 phase and cavity sections. The thermo-
optically tunable phase sections and the feedback circuits, con-
sisting of two microring resonators (MRR) in a Vernier config-
uration, create an MRR based external cavity laser, allowing the
module to cover a wavelength range of over 100 nm, covering
the full C band, most of the S band, and part of the L band. Low
loss Si3N4 waveguides enable the introduction of long photon
lifetimes into the laser resonator, which results in a significant
increase of coherence properties, such as spectral coverage and
output power with low intensity noise [19]. This device shows
values of relative intensity noise (RIN) as low as −165 dB/Hz
[20] over the whole spectrum (Fig. 2), which has enabled us to
demonstrate IM/DD operation up to PAM-16, and a high side
mode suppression ratio (SMSR) of more than 50 dB. To achieve
these conditions, over different biases, the different sections of
the laser need to be all tuned accordingly, unlike a conventional
single section laser where simply increasing the bias current will
result in a decrease in the RIN. The advantages of extremely low
RIN (well below the typical values of −140 dB/Hz for other
available integrated tunable sources [21], [22]) over such a wide
range, combined with a small footprint, make the dual tunable
laser module a very compelling option for spectrally efficient
WDM systems based on IM/DD technology. A more detailed
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TABLE I
THEORETICAL AND REAL NUMBER OF BITS PER SYMBOL OBTAINED

FOR EACH PAM LEVEL

characterization of the device can be found in [18]. For this
work, we used a single laser output from the dual laser module,
with the wavelength set to 1552.7 nm, an SMSR of more than
50 dB and an output power of +9.7 dBm.

III. SYMBOL-TO-BIT MAPPING

For the standard power of two PAM formats, we used gray
encoding to map each symbol to the corresponding bits. The non-
standard PAM levels are encoded by grouping them in packets of
symbols. Table I shows the maximum achievable bits per symbol
(log2M) of each PAM level, the number of symbols used for
encoding (NSym), the bits per symbol (bits/Sym) obtained and
the total data rate in Gbit/s of the link when operated at 20 GBaud
and at 53.5 GBaud (DR@20 and DR@53.5 respectively). Based
on the idea behind PS - where the density of some symbols
is reduced to improve performance at the expense of some
information per symbol - we defined two different symbol-to-bit
mapping techniques: The first one, which is asymmetric, is
realized by sorting all possible N-symbol combinations in terms
of their total power, with bits assigned in ascending order. Inset
(I) of Fig. 1shows the mapping of symbols to bits of a PAM-3
signal. PAM-5, PAM-7, PAM-10 and PAM-14 mapping follows
the same principle on the corresponding 4-symbol combinations.
This method ensures a lower density of high power levels,
therefore reducing the average power of the signal and improving
its performance under low SNR conditions [8], [9], whenever
non-standard PAM formats are used. Alternatively, instead of
reducing the density of the upper levels on the non-standard PAM
formats, the mapping can be optimized for bandwidth-limited
systems by removing the sharpest transitions from minimum
to maximum (and vice versa), i.e., reducing the density of
upper and lower levels symmetrically, resulting in a symbol
distribution similar to the PS-PAM-16 demonstrated in [4]. Fig. 3
shows an example of the probability distribution of each level
in a PAM-12 sequence, when reducing the density of higher
levels (asymmetric) and when removing the sharp transitions
(symmetric).

The main drawback associated with the use of non-standard
PAM formats is that, as the modulation format increases, the
complexity of the bit mapping increases rapidly (especially with
a high number of encoding symbols). This makes some of the

Fig. 3. Probability per symbol on a PAM-12 signal using symmetric and
asymmetric encoding.

modulation formats less appealing for their use in intra-DC links
due to an increased latency at the decoding step (e.g., PAM-
14 requires the mapping of 15 bits into 144 = 38416 symbol
combinations).

IV. EXPERIMENTAL SETUP

The experiment was performed using the setup shown in
Fig. 1. A pseudorandom multilevel sequence of 215 symbols
was generated offline for each PAM level using MATLAB, and
pre-distorted to compensate for the nonlinear transfer function of
the LiNbO3 Mach-Zehnder modulator (MZM) from Sumitomo
(40 Gbit/s MZM). Even though a discrete MZM was used for
this experiment, integrated technologies currently available [23]
can enable the use of fully integrated transmitter solutions in
short reach links. Asymmetric symbol-to-bit mapping was used
for the non-standard PAM signals. The 20 Gbaud signals were
generated using an arbitrary waveform generator (AWG) (3-dB
bandwidth of 33 GHz) operating at 90 GSa/s. A 16 dB gain
electrical amplifier (3-dB bandwidth of 25 GHz) was placed
before the MZM to match its Vπ of ∼2.3 V. After transmission
over 1 km of SMF, a variable optical attenuator (VOA) was
used to sweep the received optical power (ROP) falling on the
photodetector (PD) (3-dB bandwidth of 30 GHz). A 23 dB gain
electrical amplifier (3-dB bandwidth of 55 GHz) was used before
the signal was captured for offline processing with a real-time
oscilloscope (RTO) (3-dB bandwidth of 110 GHz) operating at
a sample rate of 256 GSa/s.

The DSP performed on the received signals consisted of
matched filtering with a 20 GHz root-raised-cosine (RRC) filter,
resampling, synchronization, adaptive equalization, and decod-
ing. The normalization of the non-power of two PAM formats
was performed considering the mean and standard deviation
expected from the non-uniform probability distribution of the
symbols. A decision-directed least-mean-square (DD-LMS) al-
gorithm was used for updating the weights of the 13-tap linear
equalizer. The bit error ratio (BER) was calculated by counting
errors over several captured sequences.
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Fig. 4. (a) Experimental results of BER vs. ROP of 20 GBaud transmission using various modulation formats ranging from OOK to PAM-16 after 1 km of SMF.
(b) Simulation results of BER vs. ROP of 20 GBaud transmission using various modulation formats ranging from OOK to PAM-32 after 1 km of SMF. Electrical
SNR of 27 dB from OOK to PAM-16, and 34 dB for PAM-32. Asymmetric mapping was used for the non-standard formats.

Fig. 5. (a) PAM-6 at ROP −7 dBm, (b) PAM-8 at ROP −4 dBm, (c) PAM-12 at ROP −2 dBm, (d) PAM-16 at ROP −2 dBm. It can be noticed how the upper
levels on (a) and (c) are less densely populated due to the asymmetric mapping used.

V. SIMULATION

A simulation was developed in Matlab for modelling the
full system shown in Fig. 1. To compare its performance with
the measurements from the experiment, the 3-dB simulation
bandwidth value of all electrical and optoelectronic components
was set to the corresponding experimental value. The laser’s
RIN was set to −160 dB/Hz, and the sampling frequencies of
AWG and RTO were set to 90 GSa/s and 256 GSa/s respectively.
The SNR of the electrical signal driving the MZM was set to
27 dB, the value at which the simulation results closely match
those observed from the experiment. This SNR accounts for
both the noise of the AWG and the electrical amplifier, as well as
any degradation produced by nonlinear distortions, quantization
noise and other interactions.

A comparison between the symmetric and asymmetric map-
ping techniques was performed using 20 Gbaud transmission
with the same conditions as the experiment.

VI. RESULTS

The experimental performance of each PAM level in the
unamplified system was compared in terms of BER vs. ROP.
The results after 1 km of SMF (Fig. 4(a)) achieve performance
below the 7% overhead forward error correction (FEC) limit for
all modulation formats except PAM-14. Fig. 5(a)-(d) show the

eye diagrams corresponding to PAM-6, PAM-8, PAM-12, and
PAM-16 signals. PAM-16 reaches below FEC performance at
ROP of −2 dBm, resulting in a receiver sensitivity penalty of
15 dB compared to OOK. Even though lower order modulation
formats are less affected by the SNR of the system, it can be seen
that PAM-7 performs similarly to PAM-8, and PAM-14 worse
than PAM-16. This is a result of the additional penalty introduced
by the symbol-to-bit mapping, where standard PAM formats can
take advantage of gray encoding, while non-standard formats
suffer from the fact that the encoding is performed in blocks of
multiple symbols. In the latter case, a decision error produces
a cascading effect in which bits corresponding to the whole
block of symbols are affected. This becomes more significant as
the number of symbols used for deconding increases, and leads
to the previously mentioned behavior of PAM-7 and PAM-14,
where a 4-symbol format is adjacent to a standard PAM format
(PAM-8 and PAM-16 respectively).

Fig. 4(b) shows the results of the 20 GBaud simulation with
an electrical SNR of 27 dB on the driving currents operating
from OOK up to PAM-16. The figure shows how the trend of
the simulated results closely resembles that of the experimental
measurements. However, a difference in performance between
experiment and simulation of up to 2 dB at the FEC threshold,
can be observed for lower-order modulation formats at lower
ROPs. This difference in performance - which increases as
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Fig. 6. Simulation results of BER vs. ROP of 53.5 GBaud transmission using
various modulation formats ranging from OOK to PAM-16 after 1 km of SMF.
Electrical SNR of 32 dB. Asymmetric mapping was used for the non-standard
formats.

the number of levels decreases from PAM-12 down to OOK
- can be attributed to the power-dependent noise figure of the
electrical amplifier at the receiver for lower ROPs, which was
not accounted for in the simulation. Additionally, in order to
analyze the system’s performance if lower noise AWG and RF
amplifiers were available, the value of the SNR was increased.
The system was found to support PAM-32, with performance
below the FEC limit obtained for an enhanced electrical SNR of
34 dB.

The simulation was also carried out with a PAM baud rate
of 53.5 Gbaud and an electrical SNR of 32 dB (5 dB higher
than what was used for the base simulation, and which may be
achieved by using a low drive voltage modulator [23] driven
directly by the AWG). All electrical bandwidths in the system
were set to 30 GHz, and a sampling rate of 107 GSa/s was
set for both AWG and RTO. The RRC filter bandwidth at
the DSP side was also set to 30 GHz. Under these conditions
(Fig. 6), performance below FEC was achieved for PAM-16 at
−2 dBm, providing a total transmission capacity of 214 Gbps.
A receiver sensitivity penalty of up to 2 dB can be observed at
the FEC limit for OOK with respect to the 20 GBaud simulation
(OOK curves from Fig. 4(b) and 6). This penalty is reduced
as the modulation format increases, indicating how the choice
of modulation format dictates whether system performance is
ultimately limited by bandwidth or SNR. The ROP required to
achieve below FEC limit performance in the experiment, the
20 GBaud simulation and the 53.5 GBaud simulation, can be
seen in Fig. 7.

Comparing the performance of symmetric and asymmetric
mapping of non-standard PAM formats at 20 Gbaud (Fig. 8), it
can be seen how the asymmetric encoding gives a marginal gain
at low-order modulation formats, while no noticeable difference
is observed at the higher-orders. Since higher-order formats are
more dependent on the SNR, and the asymmetric mapping is
expected to perform better in the presence of increased system
noise, it can be concluded that the performance gain is small
and may be negligible given the level of noise fluctuations in the
sytems.

The effects of RIN in the system’s performance were studied
by measuring the receiver sensitivity penalty at the FEC limit

Fig. 7. Received optical power required to achieve below FEC performance for
each PAM level according to the experimental results, the 20 GBaud simulation
and the 53.5 GBaud simulation. Missing values at PAM-14 correspond to the
system not reaching the FEC limit.

Fig. 8. Asymmetric and symmetric simulation results of BER vs. ROP of 20
GBaud transmission using non-standard PAM formats ranging from PAM-3 to
PAM-14 after 1 km of SMF. Electrical SNR of 27 dB.

Fig. 9. Receiver sensitivity penalty at the FEC limit for different PAM levels
for the 20 GBaud simulation. Missing values at PAM-14 correspond to the
system not reaching the FEC limit. (∗) PAM-12 and PAM-16 do not reach the
FEC limit at a RIN value of −140 dB/Hz.

for the 20 GBaud simulation with a RIN of 140 dB/Hz and
−150 dB/Hz with respect to the original results (−160 dB/Hz).
As it can be seen in Fig. 9, a power penalty of over 1 dB was
obtained for PAM-16 for RIN value of−150 dB/Hz, but minimal
differences can be seen at lower-order formats. At −140 dB/Hz
significant degradations can be seen, and only modulation for-
mats below PAM-10 reach FEC limit performance.
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VII. CONCLUSION

Bandwidth requirements are causing constant capacity in-
creases in DCs, and considering cost issues, formats compatible
with IM/DD are expected to remain in place as the main schemes
for short-reach communications in intra-DC links in the short to
medium term. FlexPAM modulation formats provide finer data
rate granularity and improved flexibility, which can help to max-
imize the capacity of a system subject to variable noise and/or
optical path differences in an optically switched environment.
An asymmetric symbol-to-bit mapping and encoding were pro-
posed and demonstrated for the non-power of two PAM formats
that minimize the density of high power symbols, and should
help mitigate the effects of increased noise in the performance.
The mapping was performed with a generic algorithm, but better
results may be achieved by tailoring a different mapping, with
a lower average bit difference between adjacent symbols, for
each non-power of two PAM format. A symmetric symbol-to-bit
mapping that minimizes the number of sharp transitions between
the edge levels was also proposed and compared on a simulation
basis, and even though no conclusive results were obtained,
further research is needed to compare both techniques on more
diverse situations.

This work has presented, for the first time to the best of
our knowledge, an experimental demonstration of a short reach
unamplified transmission system with a transmission rate gran-
ularity down to 0.25 bits per symbol ranging from OOK up
to PAM-16. The extremely low RIN of the integrated laser
allowed for below FEC performance for modulation formats
up to PAM-16 with reduced DSP complexity compared to that
of previous FlexPAM experimental demonstrations, making it
especially suitable for intra-DC links. The experiment was per-
formed at a wavelength of 1552.7 nm, but given the results shown
in [18] with the same dual laser module, it can be expected
to work similarly over the full 100 nm range covered by the
device. Additionally, we were able to show through simulation
the feasibility of fulfilling the current standards for 100 Gbit/s,
using a 53.5 GBaud PAM-4 signal, with ROPs as low as -11 dBm,
as well as a potential transmission capacity of up to 200 Gbps per
wavelength, given a modest increase in transmitter bandwidth
and a 5 dB SNR increase in our simulation, which could enable
Tbit/s DC links using integrated multi-wavelength transmitters.
These results show FlexPAM is a suitable option to maximize
transmission rates of WDM-based intra-DC links with optical
switching and variable path losses.
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