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Abstract: We present a systematic comparison of PAM-2 (NRZ), Duobinary-PAM-2, PAM-4, and
Duobinary-PAM-4 (duo-quaternary) signaling in the context of short-reach photonic communications
systems using a Mach–Zehnder modulator as transmitter. The effect on system performance with a
relaxed and constrained system’s opto-electronic bandwidth is analyzed for bit rates ranging from
20 to 116 Gb/s. In contrast to previous analyses, our approach employs the same experimental
and simulation conditions for all modulation formats. Consequently, we were able to confidently
determine the performance limits of each format for particular values of bit rate, system bandwidth,
transmitter chirp, and fiber dispersion. We demonstrate that Duobinary-PAM-4 is a good signaling
choice only for bandwidth-limited systems operating at relatively high speed. Otherwise, PAM-4
represents a more sensible choice. Moreover, our analysis put forward the existence of transition
points: specific bit rate values where the BER versus bit rate curves for two different formats cross
each other. They indicate the bit rate values where, for specific system conditions, switching from
one modulation to another guarantees optimum performance. Their existence naturally led to
the proposal of a format-selective transceiver, a component that, according to network conditions,
operates with the most adequate modulation format. Since all analyzed modulations share similar
implementation details, signaling switching is achieved by simply changing the sampling point and
threshold count at the receiver, bringing flexibility to IM/DD-based optical networks.

Keywords: amplitude modulation; filtering; optical receivers; partial response signaling

1. Introduction

While we are approaching the day when coherent technology will become a suffi-
ciently cost- and power-efficient alternative, transmission based on intensity-modulation
with direct-detection (IM/DD) will continue to predominate in short-reach transmission
systems. Although there is a wide range of currently available IM/DD formats [1,2],
the simplest and most well-known, pulse-amplitude modulation of two levels (PAM-2) and
its extension to four levels, termed quaternary pulse-amplitude modulation (PAM-4) [3–5],
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are still the formats of choice for the implementation of optical fiber transmission systems
according to worldwide-accepted standards, recommendations, and multi-source agree-
ments. Particularly relevant references are Ethernet standards such as 100 GbE and 400
GbE [6], passive optical network (PON) conventions such as XG-PON1, 10 G and 25 G
EPONs [7], and possibly, near future silicon-photonics-based X-haul interconnects for 5G
architectures using IM/DD [8]. A closely related modulation format, attractive because
of its narrow bandwidth (BW) and tolerance to fiber chromatic dispersion (CD), is the
so-called electrical duobinary (DB) format, the most prominent representative of partial
response formats [9]. Although the term normally refers to a three-level signal produced
from PAM-2 through spectral shaping, there is a PAM-M equivalent, here referred to
as DB-PAM-M, whose optical implementation for M = 4 has recently received attention
from the industry and academia [10–15]. Formally known as duo-quaternary modulation,
the case of M = 4 is interesting because, despite being a seven-level signal, it shares with its
M = 2 counterpart the appealing characteristics of tolerance to CD, relatively narrow BW,
acceptable receiver sensitivity performance, and reasonably simple implementation [16].
Since it is derived from a PAM-4 sequence, it has the advantage of transporting two bits
per symbol, increasing its spectral efficiency by a factor of two as compared to DB-PAM-2.
Although DB-PAM-4 emerged more than 50 years ago [17], three factors explain the recent
interest in this format. First, the adoption by the telecommunications industry of PAM-4
as the most commonly accepted format for the implementation of high-speed IM/DD
photonic systems. Second, the need to transmit such high data rates employing a physical
layer infrastructure (either already installed or based on off-the-shelf components) orig-
inally conceived for less demanding environments; that is, infrastructure based on the
use of transceivers that normally exhibit comparatively lower opto-electronic BW. Third,
the convenience of using a more CD-tolerant format to preserve the system’s reach when
upgrading the bit rate. As a result of this interest, there have been reports mainly aiming to
augment the value proposition of DB-PAM-4 and to explore its performance limits [18,19].
The investigations that compare PAM-4 and DB-PAM-4 are also interesting [13–15,20–25].
For instance, in [22], the better performance of PAM-4 over DB-PAM-4 is demonstrated at
18 Gb/s using a directly-modulated laser (DML) and a PIN photodiode, both exhibiting
a BW of 10 GHz. However, according to [24], it is DB-PAM-4 which performs better un-
der back-to-back (BtB) conditions at 112 Gb/s. After 10 km transmission over standard
single-mode fiber (SSMF), no performance difference between formats was observed [24].
Similarly to other studies [10,13], these measurements were carried out at a single opto-
electronic BW (electro-absorption modulator with 27 GHz BW and a PIN-TIA combination
having 35 GHz BW) and bit rate (112 Gb/s), and therefore the effect of varying these
system parameters on the performance of each modulation format was not systematically
investigated. In the context of PONs, Torres-Ferrera et al. [25] analyzed the impact on
power budget by varying the system BW when a 50 Gbd signal is employed. It was shown
that DB-PAM-4 outperforms PAM-4 in BW-constrained systems, whereas the opposite
occurs under sub-optimal filtering conditions. Following these achievements, it is clear
that a thorough and systematic analysis along these lines is welcome. Such a study would
be useful to decide which is the most adequate IM/DD format, from a system designer
perspective, to be employed under certain conditions of bit rate, system BW, transmitter
chirp, and fiber dispersion. The purpose of the present contribution is to fill this gap, thus
complementing previous analyses. The main finding of our novel approach is that, given
certain conditions of opto-electronic BW, we can produce BER versus bit rate curves for
different modulation formats that exhibit the characteristic of crossing each other. We
have dubbed these intersections “transition points.” Since normally the functional relation
between BER and bit rate in an optical system is not constant, the existence of these transi-
tion points is important because they enable the possibility of keeping the transmission
system within certain performance limits as the bit rate is varied. This can be accomplished
by simply changing the employed modulation format. In other words, our analysis put
forward the fact that one convenient way to extend the bit rate range on which a system
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with particular BW conditions can operate is to change its modulation format, choosing
among PAM-2, DB-PAM-2, PAM-4, and DB-PAM-4. Of course, the analysis can be extended
to other values of M [26]. We must bear in mind, notwithstanding, that higher-order
modulation formats become less tolerant to signal-to-noise ratio (SNR) degradation [27].

The existence of the aforementioned transition points for the analyzed modulation
formats naturally leads to the proposal of a format-selective transceiver, a component that,
according to network conditions, operates with the most adequate modulation format to
maintain a certain performance level. The optimum points to switch from one format to
another are dictated by the transition points, which can be determined by experiments or
simulations. Indeed, the transition points indicate the bit rate values where, for specific
system conditions, switching from one modulation format to another guarantees optimum
performance. The proposed transceiver then works similarly as a gearbox, changing gears
(formats) to allow the increase in system speed. Although the idea of a multi-bit rate
and multi-format transceiver is not entirely new [27–29], our proposal is, to the best of
our knowledge, the first one of its kind to use PAM-M modulation formats together with
their DB counterparts to set-up a flexible transceiver. This choice of signaling is especially
attractive because a change in modulation format can be easily implemented, as discussed
below, and hence the hypothetical transceiver can form part of an integrated opto-electronic
module, ideally exhibiting low complexity and power consumption. Previous transceiver
proposals and designs instead aim to bring flexibility to coherent optical networks using
two-dimensional [30] and more sophisticated multi-dimensional modulation formats in
combination with constellation shaping [31]. They have also employed multi-carrier
intensity modulation (e.g., DMT) to perform optimum dynamic spectrum allocation within
a certain granularity limit [32]. The IM/DD approach followed here is simpler, but still
effective, as discussed below.

In summary, in this article, we first present an analysis of system performance as a
function of bit rate for (DB)-PAM-2,4 in the context of short-reach optical transmission
systems operating in O-band. This transmission window is increasing in popularity
among different standardization bodies, e.g., IEEE P802.3ca 50G EPON [33] and IEEE
P802.3bs 400 Gb/s Ethernet [6], and we envision that the 100G EPON will use the O-band
as well. Two different system BW scenarios, consisting of light and strong filtering, are
experimentally addressed, and the effect of CD is examined. Our approach demonstrates
that the choice of optimal modulation format depends on the specific conditions of bit rate
and system BW. Therefore, our results not only represent a valuable guide in the selection of
the most appropriate modulation format for a particular system deployment, but uncovers
the convenience of employing a format-selective element to switch the initially chosen
modulation format to a different one if the prevailing system conditions, such as bit rate
or reach, eventually change. This paper is divided into seven main sections. Section 2
reviews precoding and detection of partial response signals. Basically, a tutorial on the
theoretical framework that supports our work and serves as a reference for the discussions
presented within this paper. Section 3 describes the experimental and simulation details.
Section 4 serves as the motivation for our study. It discusses the evolution of a signal in a
BW-constrained environment as the bit rate increases, pointing out the relevance of partial
response signaling. Section 5 is devoted to conveying the main results of our investigation
in BtB and fiber transmission contexts, whereas Section 6 deals with the technical details
of the hypothetical format-selective transceiver based in (DB)-PAM modulation. This is
followed by the conclusions, presented in Section 7.

2. Detection of Duobinary Signals

Let a PAM-M data stream of n symbols, [an] ∈ {0, 1, . . . , M − 1}, be encoded as a
PAM-M signal, where M = 2, 4. Due to the finite BW exhibited by all the components of a
transmission system, the eye diagram of the received signal under favorable transmission
conditions will look like the one shown in Figure 1a (although a PAM-4 eye diagram is
displayed, the following discussion also holds for M = 2). Thanks to the simplicity of
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IM/DD, the received version of [an], [a′n], can, in principle, be recovered by sampling
the directly detected signal at sampling point A, followed by conventional slicing via
thresholding. An alternative approach to recovering the data stream [a′n], nonetheless,
consists of sampling the signal at point B and then slicing using (2M−2) thresholds,
leading to a (2M−1) levels sequence; the so-called DB sequence [17]. [a′n] is then obtained
by applying modulus M operation. The use of the alternative approach is particularly
interesting when a high-speed PAM-M signal is transmitted through a communication
system made up of cost-effective, narrow opto-electronic BW components, leading to an
eye diagram that looks like the one shown in Figure 1b (for M = 4). Clearly, due to the
strong filtering effect, slicing at the (2M−1) levels sampling point (B) will result in better
identification of the correct data stream elements as compared to slicing at the traditional
M levels sampling point (A), where the limited channel BW has a markedly reduced eye-
opening. In other words, in this case, recovering the DB-PAM-M signal will result in a
better BER than recovering the plain PAM-M signal. In the following sections, we will
experimentally show to what extent this statement is correct.

A B A B

a) b)

Figure 1. Eye diagrams of PAM-4 signal under light (a) and strong (b) filtering effect. A and
B represent the sampling points used to retrieve the PAM-4 and the 7-level DB-PAM-4 signals,
respectively.

The formalism behind the DB approach [2,12,16,17] is based on approximating the
filtering effect of the overall system (including any optical filter) through a one-tap add-
and-delay filter acting upon a PAM-M transmitted data stream, [bn] ∈ {0, 1, . . . , M− 1}.
The filter equation can be cast as

ck = bk + bk−1 , k = 1, 2, 3, . . . , n ; (1)

where sequence [cn] ∈ {0, 1, . . . , 2M− 2} becomes the digital counterpart of the (2M − 1)
levels sampled analog signal. Assuming [an] = [a′n] (ideal case of no errors), then [an] can
be simply recovered using

ak = (ck)modM . (2)

Note, however, that for this expression to be true, [bn] must fulfill the following
condition

bk = (ak − bk−1)modM . (3)

Operation (3) is called precoding [17], whereas [cn] represents the DB-PAM-M se-
quence. The need for precoding in DB transmission can be demonstrated by noting
from Equations (1) and (2) that since ak = (bk + bk−1)modM, then (3) can be written as
bk = ((bk + bk−1)modM− bk−1)modM. Equality follows from employing the associative
property of modM operation and the fact that bk = (bk)modM.

The advantage in terms of spectral efficiency exhibited by DB-PAM-4 over PAM-2 is
the result of following two different approaches. Both are graphically depicted in Figure 2.
On one hand, a gain in spectral efficiency is achieved by increasing the cardinality of
the amplitude modulation to higher values of M, that is, increasing the number of bits
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associated with each symbol (or amplitude level) of the PAM-M alphabet. For instance,
in PAM-8, each of the eight symbols carries three bits. This approach corresponds to the
upper path in the diagram of Figure 2. On the other hand, the signal BW can be reduced for
a certain transmission rate by extending the duobinary concept to polybinary modulation.
This is the approach followed in the lower path of Figure 2. It consists of using heavier
spectral shaping.

PAM-2

(NRZ)

Increase of amplitude 

levels  by augmenting 

the number of bits per 

symbol and elements in 

the alphabet

Increase of amplitude 

levels  by partial 

response shaping

PAM-4

PAM-8

PAM-16

…

Polybin. of 3 levels (DB) 

Polybin. of 5 levels 

Polybin. of 7 levels

Polybin. of 9 levels 

…

Routes to increase 

spectral efficiency DB-PAM-4

}

5 levels
7 levels

9 levels

Electrical Spectra

}

Figure 2. Diagram of two paths that can be followed to increase spectral efficiency in IM/DD systems. Their combination
results in DB-PAM-4 modulation and, eventually, polybinary PAM-M modulation.

Although the increase in spectral efficiency associated with higher values of M in
optical PAM-M modulation is well-known [34,35], polybinary modulation has received
less attention. A polybinary signal of N levels is produced by using an add-and-delay filter
consisting of N − 2 delays (see diagram in Figure 2) [16]. The corresponding equation reads

ck = bk + bk−1 + bk−2 + · · ·+ bk−(N−2) , k = 1, 2, 3, . . . , n . (4)

Equation (1) then becomes a particular case of Equation (4) when N = 3. Precoding,
in this case, is necessary to prevent error propagation. The corresponding equation is [16]

bk = ak
⊗

bk−1
⊗

bk−2
⊗
· · ·

⊗
bk−(N−2) ; (5)

where
⊗

stands for XOR operation. Note that Equation (5) reduces to (3) when N = 3
and M = 2. An appealing property of polybinary signaling is that the marks and spaces
pertaining to [an] uniquely correspond to the even and odd-numbered levels of [cn],
respectively [17]. This simplifies the decoding process, since [an] can be recovered from
[cn] by means of ak = (ck)mod2. This can be accomplished because although a polybinary
signal has N levels when represented in the time-domain, it still runs at the speed of a plain
NRZ signal since each level carries only one bit (instead of a multi-bit symbol). Hence,
the bit period in polybinary and NRZ signals is the same.

According to Figure 2, DB-PAM-4 is then the result of combining an increase in cardi-
nality (to M = 4), together with enough filtering to achieve polybinary modulation (with
N = 3). It hence exhibits a narrower BW than either a PAM-4 signal or a DB signal, all
transmitting at the same bit rate. This is confirmed by comparing the simulated 100 Gb/s
electrical spectra shown in Figure 3. In bandwidth-unconstrained scenarios, the transmis-
sion of M-levels PAM-M signals should generally be preferred over its DB counterpart
due to their lower number of amplitude levels and because this format is more tolerant
to SNR degradation than DB-PAM-M [36]. However, (2M − 1) levels DB-PAM-M signals
may show better performance when transmitted over a BW-limited system. As shown
below, the adequate choice of modulation format mainly depends on system bandwidth
and bit rate.
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Figure 3. Simulated electrical spectra of noiseless 100 Gb/s signals encoded with DB-PAM-4, PAM-4
and DB modulation formats.

In this work, we will focus on the analysis of PAM-2, DB-PAM-2, PAM-4, and DB-
PAM-4 modulation formats. Therefore, a practical approach to carry out the investigation
with minimal modifications at the transmitter end consists of using Equation (3) to transmit
a pre-coded data stream [bn]. If the system BW is ample enough and the M-levels of the
PAM-M signal can be distinguished in the corresponding eye diagram at the receiver,
then sample at point A (see Figure 1a), slice the signal with M−1 thresholds and apply
Equations (1) to undo precoding and (2) to retrieve the original transmitted sequence.
In contrast, if the system BW is rather narrow (with respect to the bit rate), sample at
point B (see Figure 1b) and slice the signal with 2M−2 thresholds to “naturally” obtain the
DB-PAM-M sequence [cn]. Then, use Equation (2) to recover the original sequence. In the
subsequent sections, we have followed this convenient approach.

3. Experimental Setup

Figure 4 presents the block diagram of our setup, which is designed to carry out
transmission using PAM-2,4 and DB-PAM-2,4 modulation and operation at bit rates ranging
from 20 to 116 Gb/s (depending on the selected modulation format, as shown below).
The off-line generated PAM-M sequence is initially precoded following Equation (3) and
converted into an analog electrical signal using an 8-bit digital-to-analog converter (DAC)
operating at 64 GSa/s. The DAC is compensated with pre-emphasis, but no pulse shaping
was applied. The DAC output is connected to an RF amplifier (SHF 806E) which then
drives a silicon Mach–Zehnder modulator (MZM) with 20 GHz 3-dB opto-electronic BW [5],
operated at the quadrature point. An optically modulated signal with an approximate outer
extinction ratio (ratio between the lowest and highest levels) of 4 dB is then generated. It is,
in principle, a replica of the electrical PAM-M signal. A distributed feedback (DFB) laser
emitting at 1309.7 nm is used as the CW source. This wavelength is 8 nm blue-shifted from
the zero-dispersion wavelength (ZDW) of the 10-km SSMF that is used for data propagation.
The back-to-back (BtB) condition has been analyzed as well. A variable optical attenuator
(VOA) is employed in conjunction with a power meter monitor to ensure the injection
of a signal into the optical front-end (OFE) with, in all cases, an average power of about
−4 dBm. The OFE is an optical receiver that consists of a PIN photodiode and a linear
trans-impedance amplifier (TIA) from MACOM, exhibiting a combined BW of 40 GHz.
An Agilent real-time oscilloscope (RTO) with a maximum sampling rate of 80 GSa/s served
as analog-to-digital converter (ADC). Two system bandwidths, mainly determined by the
RTO, were investigated: a low BW case where the effective receiver BW was set to 11 GHz
(with a “brick-wall” profile), and a high-BW case where the effective receiver BW was set
to 23 GHz (with a “brick-wall” profile). Although slightly more relaxed, the former (latter)
BW conditions resemble those found in 10 G (25 G) short-reach transmission systems.
The off-line processing at the receiver, performed using Matlab, consisted of a simple linear
feed-forward equalizer (FFE) with 11 taps for the low-BW case and 131 taps for the high-BW
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case. For ease of comparison, the same equalization conditions prevailed irrespective of the
employed bit rate and modulation format. For each of the two system BWs, two different
digital sequences were derived from the received signal. On one hand, we sampled the
signal at point A (see Figure 1) and conducted slicing with M − 1 thresholds to obtain
a PAM-M sequence. Then, Equations (1) and (2) were applied to recover the originally
launched PAM-M symbols stream. On the other hand, we sampled the signal at point B
(see Figure 1) and conducted slicing with 2M − 2 thresholds to recover the DB-PAM-M
sequence. In this case, only Equation (2) was necessary to recover the originally launched
PAM-M symbols stream. After straightforward PAM-M decoding, the bit-error-ratio (BER)
was calculated by comparing the received and the transmitted bit sequences.

RF Amp MZM
99/1 

Coupler

Power 

Meter
Clock

DAC

64 GSa/s
VOA

Electrical Link

Optical Link

PIN+TIA
RTO      

80 GSa/s

10 km 

CSMF

BtB

O-band 

Laser

Figure 4. Experimental setup. Precoded PAM-M signals at different bit rates are launched and retrieved as PAM-M or
DB-PAM-M sequences after being captured by the RTO. M = 2, 4. Adequate sampling and slicing using, respectively, M − 1
and 2M − 2 thresholds, are required.

The simulation work that complemented the experimental analysis was carried out in
a co-simulation Matlab/OptiSystem platform [37]. Matlab processed electrical and digital
signals, while the OptiSystem simulated transmission in the optical domain, thus emulating
the actual experimental setup. We employed standard optical component models and
neither FFE equalization nor DAC/ADC limitations were included in the simulations.
We took care to consider all BW constraints through adequate low-pass filtering of the
transmitted signal. For the MZM, we set a Vπ of 6 V with a bias voltage of 4.5 V at the
quadrature point and a 3-dB opto-electronic BW, simulated through a 5th-order Bessel
filter, of 20 GHz. We employed a single-polarization, standard split-step dispersive linear
fiber model with an attenuation of 0.35 dB/km. Finally, for the OFE, we selected a PIN
photodiode that included thermal and shot noise modeling via Gaussian distributions,
followed by a TIA. The overall BW of the OFE was set to 40 GHz. Note, however, that
the actual receiver BW is determined by the RTO, where cascaded 4th-order Bessel and
brick-wall low-pass filters (LPF) were utilized. The simulation parameters of the receiver
are presented in Table 1.

Table 1. Main parameters of the receiver used in the simulations.

Parameter Value Units

Responsivity 0.7 A/W
TIA conversion gain 1400 Ω
Input current noise density 18 pA/

√
Hz

RTO Low-bandwidth case
4th-Order Bessel LPF bandwidth 7.3 GHz
Brick-wall LPF bandwidth 11 GHz

RTO High-bandwidth case
4th-Order Bessel LPF bandwidth 15.3 GHz
Brick-wall LPF bandwidth 23 GHz

4. Effect of System Bandwidth

The evolution of the received four-level signal as the transmitted bit rate increases
in a BtB system with a constant BW, is presented using simulated electrical eye diagrams
in Figure 5. As the bit rate increases, the lowpass filtering effect produced by the BW
of the system components becomes more severe, leading to an increase in eye closure
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at the “traditional” sampling point (A as defined in Figure 1). At 80 Gb/s, the signal
levels cannot be distinguished anymore without the aid of adequate signal processing
(e.g., FFE). At 100 Gb/s, the three eyes are completely closed. In contrast, the eyes that are
centered at the alternative sampling point (B according to Figure 1), which corresponds
to DB transmission, remain comparatively unaffected as the bit rate increases. Even at
100 Gb/s, the seven levels of the DB-PAM-4 signal can be distinguished. At 120 Gb/s
no symbols can be extracted at either sampling point because the distortions produced
by the relatively narrow filters are too strong. A similar situation occurs with a 2-level
signal. However, since the overall BW of these signals is higher, the distortions manifest
themselves at lower bit rates. From these remarks, it is straightforward to predict that the
performance of a constant-BW optical system operating at relatively (with respect to the
system BW) low bit rates will be better when retrieving the PAM-M signal (sampled at
point A) than when retrieving the DB-PAM-M signal (sampled at point B). Under these
circumstances, the eye-opening height and width of the “traditional” eyes become larger
because there are fewer amplitude levels involved. However, for relatively high-speed
transmission rates (or, equivalently, under demanding opto-electronic BW conditions),
better performance is expected from retrieving the DB-PAM-M signal. This occurs because
although a shorter eye-opening height and a narrower width will be measured from the
corresponding eyes, these parameters become, in the DB case, more tolerant to the increase
in bit rate (or overall system BW reduction), as already shown through simulations.

Figure 5. Received eye diagrams of PAM-4 signal for different bit rates when the high BW system (effective receiver BW of
23 GHz) in BtB configuration is simulated.

5. Optimum Modulation Format: Transition Points
5.1. Back-to-Back Case

To quantitatively demonstrate our observations through experiments, we measured
the BER of the received signal for different bit rate values. In these measurements, the min-
imum BER that we can report with confidence, limited by the number of bits employed for
the error-counting calculation, is 10−6. Figure 6a shows the results for the low-BW system
(described in Section 3) in BtB configuration. Pre-coded PAM-2 and PAM-4 signals are
launched, whereas PAM-M and DB-PAM-M signals, M = 2, 4, are retrieved from sampling
points A and B, respectively, as described in Sections 2 and 3. It can indeed be observed
that, for bit rates lower than 24 Gb/s, PAM-2 shows a better BER performance. However,
it is its DB counterpart that offers better performance for bit rates from 25 up to about
35 Gb/s. In the case of M = 4, higher data rates can be reached. Initially, PAM-4 performs
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better, but at around 45 Gb/s we observe a handover of the lead to DB-PAM-4, showing the
very good performance of the latter up to approximately 60 Gb/s, where excessively high
values of BER (above 10−2) are measured. Figure 6a confirms the existence of the transition
points, found at 24 Gb/s (for PAM-2/DB-PAM-2) and 45 Gb/s (for PAM-4/DB-PAM-4).
They have also recently been observed in a similar performance analysis [25]. Figure 6a
also shows that, concerning performance, M = 4 should generally be preferred over M = 2
in systems that involve bit rates beyond 25 Gb/s. This bound, however, varies according to
the system BW conditions, as shown in Figure 6b. The performance comparison of non-DB
PAM-M modulation formats have been discussed in [5].
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Figure 6. Measured BER as a function of bit rate for the (a) low BW (3-dB receiver BW of 7.3 GHz) and (b) high BW (3-dB
receiver BW of 15.3 GHz) systems in BtB configuration using PAM-2,4 and DB-PAM-2,4 modulation formats.

We also carried out experiments with the high BW system operated in BtB. Figure 6b
shows the resulting BER versus bit rate curves. Similar behavior to that shown in Figure 6a
is observed, although higher bit rates can now be reached. Again, the DB-PAM-2 modula-
tion format performs better than PAM-2 at a higher speed. The transition (or crossing) point
here occurs at a very low BER and, therefore, is not discernible due to the limited number
of bits employed for the error-counting calculations (i.e., we cannot reliably calculate BER
values below 10−6). In contrast with the M = 2 case, the transition point is evident for M = 4.
The transition of performance between PAM-4 and DB-PAM-4 occurs at about 96 Gb/s.
Beyond that point, the use of DB-PAM-4 results in fewer transmission errors, whereas
the opposite occurs at lower bit rates. Moreover, when DB-PAM-4 is employed together
with forward-error correction (FEC), so-called “error-free” transmission at 106 Gb/s is
feasible for a BER of 10−2, corresponding with the low-density parity-check (LDPC) FEC
threshold [38].

Figure 7 shows the measured eye diagrams for bit rate values around the transition
point of 96 Gb/s, that is, where, according to Figure 6b, the measured BER for both M = 4
modulation formats is practically the same. The closure of the eyes as the bit rate grows
in the PAM-4 case agrees with the fast increase in the BER values observed from the blue
curve with triangles in Figure 6b. At 100 Gb/s, the four levels cannot be differentiated.
In the DB-PAM-4 case, this effect is less severe, leading to a (red with squares) curve having
a lower slope. Yet, at 100 Gb/s, the central eyes practically look closed, but the seven levels
can still be distinguished. The BER floor that is exhibited in Figure 6a,b by the DB-PAM-2,4
curves at a low bit rate can be explained from the phenomenon already discussed at the
beginning of Section 4. Indeed, according to Figure 5, the eye-opening of the six eyes
(corresponding to DB transmission) remains practically unaffected during a considerable
bit rate interval, thus leading to a constant BER value. This behavior changes at a very
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low bit rate (or equivalently, very ample system BW conditions) because, under these
circumstances, the opening of these eyes starts degrading, leading to an eventual increase
in BER. Conversely, the effect of reducing the bit rate on the three eyes corresponding
to “traditional” (non-DB) transmission results in very clean, undistorted eyes, and hence
excellent system performance. Under these very favorable transmission conditions, the use
of DB-PAM-M modulation no longer makes sense.

Figure 7. Received electrical eye diagrams for PAM-4 and DB-PAM-4 measured in the high BW system in BtB configuration.
The corresponding BER values are graphed in Figure 6b. At 96 Gb/s, both formats share approximately the same BER value
and represent the transition point.

Figure 6 can also be used to calculate, for a given maximum BER threshold, how
much gain is achieved in terms of bit rate by switching from one modulation format to
another. For the low- and high-BW systems, Table 2 presents the maximum speed that each
format can reach, considering an upper bound for the BER of 10−2; this limit is commonly
employed in connection to LDPC FEC [38]. For the low-BW scenario, the maximum
transmission speed that can be reached employing PAM-2 is slightly greater than 25 Gb/s.
By switching the format to DB-PAM-2, this figure improves by 8.5 Gb/s. The difference
increases further (an extra 11.4 Gb/s) when shifting to PAM-4. The maximum bit rate
of 55 Gb/s is attained only when using DB-PAM-4 modulation. This bit rate is 8.3 Gb/s
faster than the 46.7 Gb/s exhibited by PAM-4. Similar results arise when considering the
high-BW scenario. There, the maximum bit rate realized when using PAM-2 is 55 Gb/s.
A 12 Gb/s increase results from shifting this modulation format to its DB counterpart.
A considerable growth of almost 30 Gb/s is gained when using PAM-4 instead, leading to
a maximum speed of 96.8 Gb/s. Switching to DB-PAM-4 represents a 10.2 Gb/s increment;
this results in a maximum bit rate of 107 Gb/s. Based on these numbers, one might conclude
that DB-PAM-4 should be the modulation format of choice for the implementation of a
practical transceiver, since it is able to reach the highest bit rate and produce an acceptable
performance for a wide range of bit rate values. Nevertheless, different conclusions might
be drawn when setting different values for the BER threshold. This is a consequence of the
existence of the previously discussed transition points. Indeed, let us assume, for instance,
that a maximum BER of 10−4 is now considered for the high-BW scenario. Then, DB-PAM-4
will no longer be the format of choice. Instead, PAM-4 will produce better results, and,
according to Figure 6b, the maximum transmission speed will decrease to 76 Gb/s. If,
for some reason, DB-PAM-2 is selected in lieu of PAM-4, the maximum bit rate will fall
17 Gb/s shorter. As this discussion demonstrates, the choice of optimum modulation
format is, in general, not straightforward. This occurs because the system performance
improvement that can be gained through adequately selecting the best modulation format is
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very dependent on the prevailing conditions of system bandwidth, bit rate, fiber dispersion,
signal processing choice, performance limits and so on.

Table 2. Maximum bit rate [Gb/s] achieved by each format for BER ≤ 10−2 in BtB configuration.

PAM-2 DB-PAM-2 PAM-4 DB-PAM-4

Low-BW 26.8 35.3 46.7 55.0
High-BW 55.0 67.0 (EST) 96.8 107.0

EST: estimated.

It is evident from the measurements presented in Figure 6a,b that the transition point
(bit rate) where the DB format surpasses in terms of BER performance its PAM-2,4 coun-
terpart is very dependent on the overall system BW conditions. Therefore, the optimum
choice of modulation format for a given system and bit rate has to be determined on a
case-by-case basis, either experimentally or through simulations. Notwithstanding, we can
always say that, in general, PAM-2,4 formats should be preferred when ample BW system
conditions prevail and relatively low bit rates are involved. In contrast, DB-PAM-2,4 should
be the format of choice when transmitting in BW-constrained systems with relatively high
data rates. Moreover, as is well-known, higher cardinality formats are, in general, better
suited for high-speed transmission [5], because they transmit a higher amount (log2(M))
of bits per symbol. Note, however, that M is also limited by the SNR of the system, since
the use of a large number of amplitude levels results in indistinguishable eyes in noisy
environments. Further research in this domain is, therefore, welcome [36,39].

5.2. The Effect of Fiber Dispersion

The choice of the optimum modulation format to increase the system throughput
or reduce the BER for certain bit rates is also determined by the CD produced by the
transmission fiber. Consequently, the determination of the transition points for a given
system is also influenced by the amount of fiber CD. To gain some insight into the context
of O-band, we carried out 10-km reach propagation experiments over SSMF, leading to BER
versus bit rate curves practically identical to the ones shown in Figure 6a (consequently,
these are not displayed). This occurs because the approximate accumulated CD, in this
case, is only −6 ps/nm. It, therefore, has a very low impact on system performance.

To extend the analysis beyond our experimental capabilities, we carried out simu-
lations using the computational infrastructure described in Section 3. Figure 8 shows
calculations of dispersion penalty for the LDPC-FEC threshold of BER = 10−2 [38], as the
fiber-accumulated CD is varied for three of the modulation formats investigated in this
work. We simulated the high BW system operating at 60 Gb/s. We chose this bit rate be-
cause it results in a similar performance for the three analyzed modulation formats. The bit
rate was too high to include PAM-2 in the numerical analysis. The figure shows that, at this
medium-range bit rate, DB-PAM-4 tolerates CD very well, presenting a 1.4 dB penalty only
after having reached +200 ps/nm. This means that, under the aforementioned conditions,
DB-PAM-4 is useful for 10-km SSMF transmission (or slightly longer fiber length) in C-band.
This can be confirmed in Figure 9a, which shows the dispersion penalty presented in Figure
8, but this time displayed as a function of fiber length for particular values of wavelength
(λ = 1550 nm) and CD (18 ps/nm-km). Although somewhat more pronounced, Figure
8 shows that a similar increase in penalty is observed for fiber propagation that exhibits
negative CD. The situation is different with PAM-4, whose penalty markedly increases as
CD grows, irrespective of the CD sign. The performance of this modulation format quickly
deteriorates under the presence of CD, except for an interval running from −90 to 0 ps/nm,
where a negative power penalty (explained below) is observed. As shown in Figure 9a,
the performance of this modulation format in C-band is rather poor, barely reaching 3-km
transmission at a 2-dB dispersion penalty limit . The tolerance to CD of DB-PAM-2 can be
considered rather moderate. According to Figure 8, DB-PAM-2 stands between PAM-4 and
DB-PAM-4 for most of the investigated dispersion values. For the analyzed circumstances,
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this format presents a penalty of 2 dB at−145 ps/nm and 85 ps/nm. The latter corresponds
to about 4.5 km propagation in C-band when employing an SSMF, as shown in Figure
9a. The use of longer fiber lengths leads to unacceptably higher penalties. In O-band,
close to the ZDW, the CD tolerance of DB-PAM-2 is similar to that of the other analyzed
formats, especially when propagating the waveform over fiber with negative dispersion.
For instance, for D = −0.6 ps/nm-km, corresponding to the wavelength used in our experi-
ments (λ = 1310 nm), the dispersion penalty exhibited by all analyzed formats is practically
immaterial up to almost 200 km; see Figure 9b. A discrepancy of DB-PAM-2 and, especially,
PAM-4 with respect to DB-PAM-4, however, starts to grow as we increase the fiber length
and/or move away from the ZDW; that is, when the absolute value of the accumulated
dispersion increases. According to Figure 9b, the discrepancy at 290 km amounts to 3 dB
for DB-PAM-2 and more than 7 dB for PAM-4. Hence, concerning CD tolerance, the use of
DB-PAM-4 represents, in general, the best choice. The results presented in Figures 8 and
9, which demonstrate the prominence of DB-PAM-4 in terms of insensitivity to CD, may,
in part, be understood by remembering that an increase in accumulated dispersion can be
interpreted as a narrowing of the fiber BW, and consequently, of the overall system BW [40].
Since, in general, partial-response signaling performs better than standard (non-DB) mod-
ulation formats under relatively constrained bandwidth conditions (see Section 4), then
DB-PAM-2, and, in particular DB-PAM-4, are expected to withstand the deleterious effect
of CD across a greater interval of increasing accumulated dispersion than their non-DB
counterparts. This is precisely what Figures 8 and 9 demonstrate.

Figure 8. Simulated dispersion penalty as a function of accumulated fiber chromatic dispersion
for different modulation formats and bit rates of 60 and 100 Gb/s employing the high BW system.
The dashed line corresponds to the DB-PAM-4 100 Gb/s signal produced with a zero-frequency chirp
transmitter. The inset shows the optical power (blue) of an 800 ps segment of the 60 Gb/s signal and
its associated chirp (red) calculated just after the modulator.
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Figure 9. Simulated dispersion penalty as a function of fiber length for different modulation formats employing the high
BW system. Transmission in (a) C-band and (b) O-band is considered.

It is also interesting to note that Figure 8 displays an asymmetry of the power penalty
curves with respect to the zero-dispersion point. Some formats even exhibit a negative
power penalty at around −50 ps/nm. This is explained by the interaction of the optical
transmitter chirp with the negative CD. Indeed, as is well-known [41], the propagation of
a signal with negative chirp over a negative-dispersion fiber of adequate length impacts
favorably on system performance via pulse compression. The opposite occurs when a
positive-dispersion fiber is employed. The inset in Figure 8, which presents a short interval
of the power and corresponding frequency chirp of the 60 Gb/s PAM-4 signal prior to
entering the fiber, confirms a blue- (red-) shift in the frequency components in the pulse’s
leading (trailing) edge, corresponding to negative chirping. Since the simulated MZM is
operated in push–pull mode, the amount of chirp produced by the modulator is relatively
low: 2 GHz of maximum excursion.

If we now analyze the behavior of a signal operating at a higher bit rate of 100 Gb/s,
it can be anticipated that it will become drastically affected by CD, irrespective of the
modulation format. Even DB-PAM-4, whose dispersion penalty is shown using a solid line
with stars in Figure 8, exceeds the penalty produced by PAM-4 at 60 Gb/s (orange line with
squares). Despite this observation, and per similar comparative analyses [25], DB-PAM-4
remains the format of choice for high-speed transmission. Care has to be taken, however,
to keep the difference between the selected transmission wavelength and the ZDW of
the fiber within reasonable limits; otherwise, dispersion compensation becomes utterly
necessary. At a high data rate, propagation in O-band instead of C-band should hence
be preferred, as shown by our results. Figure 8 also displays, in a dashed line, the power
penalty obtained with the DB-PAM-4 100 Gb/s signal (similar to the magenta solid line with
stars), but this time produced with an MZM exhibiting a zero α-factor. The even symmetry
of the dashed curve around 0 ps/nm confirms that negative chirping is indeed responsible
for the shift towards negative dispersion values which is observed in the rest of the (solid)
curves. This analysis shows that the amount of chirp imprinted by the transmitter in the
signal is, therefore, another parameter that must be taken into account when calculating
the position of the transition points already discussed. In general, negative (positive)
dispersion fibers favor the use of negatively (positively) chirped transmitters [42].

Finally, it must be mentioned that we have numerically investigated the effect of pulse-
broadening induced by polarization-mode dispersion (PMD) in the 60 Gb/s analyzed
signals. For that purpose, we calculated the variation in BER for optical fibers up to
100 km long and exhibiting a PMD parameter Dp ≤ 0.5 ps/

√
km. We considered the high-

bandwidth system described in Section 3 with a marginal fiber dispersion of 1 ps/nm-km
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and zero attenuation. We found that, under these circumstances, the BER variation as a
function of Dp is negligible, as expected from a short-reach IM/DD system deployed with
currently available commercial optical fibers.

6. Hypothetical Format-Selective Transceiver

Our experimental and numerical analysis demonstrates that the optimum choice of
modulation format depends on the overall BW, data rate, phase-modulation characteristics
of the transmitter, and the fiber CD specifications of the particular photonic system. More-
over, it serves as an aid to make this choice. However, our investigation also points out
the convenience of employing a format-selective transceiver in multi-rate optical networks
utilizing opto-electronic BW-constrained links. Indeed, such an adaptive multi-format
transceiver would be able to maintain the system performance tolerances within reasonable
limits in case the data rate, CD, or BW conditions of the link eventually change [43]—for
example, in response to sudden network traffic demand variations, a link length increase,
or to guarantee the interoperability of components belonging to a myriad of vendors that
exhibit different BW specifications. For that, calculation of the aforementioned defined
transition points for the particular link would be necessary. However, once computed,
switching back and forth between the PAM and DB-PAM formats would be carried out
by simply changing (even at a software level) the sampling point and slicing levels in the
receiver. For instance, let us assume SSMF propagation close to the ZDW along 10 km in
a photonic system having 10G components. According to Figure 6a, the use of a format-
selective receiver operating at sampling point A (see Figure 1), allows the transmission of a
PAM-4 signal running at 20 GBd with a BER below 10−3. However, if a data rate upgrade
to 25 GBd is required, the same receiver will have to switch the modulation format to
DB-PAM-4 because this symbol rate lies beyond the transition point. The receiver now
operates at sampling point B and increases the threshold count, thus maintaining the re-
quired BER performance level. Selection of the best modulation format can also be carried
out automatically aided by a control algorithm that optimizes a performance metric (e.g.,
the BER). For that, the implementation of a low-rate feedback channel from the receiver to
transmitter, together with the use of pilot symbols for setup, might be convenient. Note
that although the same receiver is employed in the PAM-4 and DB-PAM-4 cases, differ-
ent parameter configurations for sampling (A/B), thresholding (3/6 levels), and signal
processing (FFE) will be required in each case. As mentioned before, depending on the
actual transceiver implementation, this can be performed at a software level, as we did in
our experiments. Moreover, the proposed transmitter may simply be built on the already
existing transceiver infrastructure available for PAM-4 modulation, thus increasing the
feasibility of the proposed solution. When transmission away from the ZDW is required,
the effect of residual fiber dispersion must be taken into account. In this case, the chirp
induced by the transmitter in the optical waveform acts as an extra degree of freedom
to optimize the position of the transition points for the application of interest. Indeed,
by properly adjusting the operating point of the particular transmitter (e.g., by varying the
driving voltage and current), fine-tuning the effective chirp parameter, and the associated
interaction of the instantaneous optical frequency with the fiber CD, optimum performance
can be achieved [44]. This, in turn, allows control of the overall system performance and,
hence, of the location of the transition points in the BER versus bit rate plane.

It is important to note that the implementation of the format-selective transmitter
strongly relies on the existence of the aforementioned transition points, uncovered through
our analysis. As long as these points exist, the format-selective transceiver can employ
other kinds of signaling. For instance, although based on a more involved implementation,
attractive options are the recently proposed Tomlinson–Harashima precoded PAM-M
optical modulation formats, whose optimum choice is also determined by the system
conditions and bit rate [45,46].
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7. Conclusions

We have investigated the performance of PAM-2 and PAM-4, but more importantly,
their duobinary counterparts, in two photonic systems exhibiting different opto-electronic
BW conditions. Our experimental and numerical analyses show that the optimum choice
of format depends on the system’s BW, chromatic dispersion, optical chirp, and desired
throughput, and it is determined by the so-called transition points for a particular trans-
mission system. These points refer to the optimum bit rate values at which a transition
from one modulation format to another is appropriate to maintain certain system perfor-
mance. In general terms, duobinary formats should only be employed in BW-constrained
environments where high transmission speeds are involved, for instance, in optical links
with transceivers with low opto-electronic BW with respect to the data rate. Due to their
tolerance to the effect of fiber chromatic dispersion, duobinary formats should also be
preferred in the presence of a conspicuous level of this deleterious effect. Here, we ex-
perimentally showed that, by using DB-PAM-4, back-to-back transmission at a bit rate of
106 Gb/s can be achieved over a 25 G environment employing minimum DSP. Naturally,
an increase in power penalty is expected as dispersion accumulates over the link. PAM-M is
preferable under low demanding bandwidth conditions. These conclusions, together with
the fact that these IM/DD formats share similar implementation details, naturally led to the
proposal of a (DB)-PAM-based format-selective transceiver, here discussed for the first time.
Apart from its relative simplicity, its main feature is that using components developed for
25 Gb/s systems allows transmission at different distances and bit rates, from around 20
to 100 Gb/s, without introducing an unnecessary performance penalty. The link capacity
can, therefore, be dynamically adjusted depending on the propagation condition or any
network reconfiguration. This will make possible the use of a single transceiver over a wide
range of applications, thus increasing its meaning. The proposed adaptive transceiver also
leverages the use of multi-level modulation formats in combination with their doubinary
versions in IM/DD systems. We hope that the ideas treated in this article will help in the
design of next-generation photonic systems for 5G, 100G PON, and 800 GbE networks.
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Abbreviations
The following abbreviations are used in this manuscript:

BER Bit-Error Ratio
BtB Back-to-Back
BW Bandwidth
CD Fiber Chromatic Dispersion
DAC Digital-to-Analog Converter
DB Duobinary
DSP Digital Signal Processing
FEC Forward-Error Correction
FFE Feed-Forward Equalizer
IM/DD Intensity-Modulation with Direct-Detection
LPF Low-pass Filter
MZM Mach-Zehnder Modulator
OFE Otical Front-End
PAM-M Pulse-Amplitude Modulation of M Levels
PMD Polarization-Mode Dispersion
RTO Real-Time Oscilloscope
TIA Trans-Impedance Amplifier
VOA Variable Optical Attenuator
ZDW Zero-Dispersion Wavelength
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