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Abstract: To address the continuous growth in high-speed ubiquitous access required by residential
users and enterprises, Telecommunication operators must upgrade their networks to higher data rates.
For optical fiber access networks that directly connect end users to metro/regional network, capacity
upgrade must be done in a cost- and energy-efficient manner. 40 Gb/s is the possible lane rate for the
next generation passive optical networks (NG-PONs). Ideally, existing 10 G PON components could
be reused to support 40 Gb/s lane-rate NG-PON transceiver, which requires efficient modulation
format and digital signal processing (DSP) to alleviate the bandwidth limitation and fiber dispersion.
The major contribution of this work is to offer insight performance comparisons of 40 Gb/s lane
rate electrical three level Duobinary, optical Duobinary, and four-level pulse amplitude modulation
(PAM-4) for incorporating low complex DSPs, including linear and nonlinear Volterra equalization, as
well as maximum likelihood sequence estimation. Detailed analysis and comparison of the complexity
of various DSP algorithms are performed. Transceiver bandwidth optimization is also undertaken.
The results show that the choices of proper modulation format and DSP configuration depend on the
transmission distances of interest.
Keywords: fiber optics communications; next generation passive optical network; nonlinear
equalization; maximum likelihood sequence estimation; link power budget

1. Introduction
The continuous growth of bandwidth demand from residential users and enterprises urgently
pushes telecommunication operators to upgrade the capacity of access networks to higher data
rates. Among various access technologies that connect end users to metropolitan or regional networks,
the passive optical network (PON) is the most efficient one, as it does not require any active components
such as switches in the optical distribution network (ODN), instead, a passive power splitter or a
wavelength router is usually deployed in the remote node. Figure 1 shows the standardization
Future Internet 2018, 10, 118; doi:10.3390/fi10120118
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roadmap of PONs released by FSAN in November 2016. The roadmap not only shows the evolving
history of PONs, but also predicts the future PONs beyond today’s standardized NG-PON2 which
adopts
time/wavelength division multiplexing (TWDM) technology capable of delivering
40 Gb/s
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For optical Duobinary, the transmitter consists of a pre-coder, a shaping filter and a MachZehnder modulator (MZM). The shaping filter is designed to generate a three-level electrical
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For optical Duobinary, the transmitter consists of a pre-coder, a shaping filter and a Mach-Zehnder
modulator (MZM). The shaping filter is designed to generate a three-level electrical Duobinary
waveform, as indicated in Figure 2d. A fully driven MZM with a push–pull configuration is used for
both amplitude and phase modulations for optical Duobinary signals. The MZM is biased at the null
point; thus the output signal has only two intensity levels, as indicated in Figure 2d. The receiver is a
simple NRZ receiver. The receiver DSP also consists of a nonlinear equalizer and a MLSE.
For PAM-4, the transmitter has a bits-to-symbol encoder and an EAM. The receiver also
incorporates an APD, a nonlinear equalizer followed by a MLSE, and a symbol-to-bits decoder.
It should be noted that MLSE is also considered for nonlinear equalization operation. MLSE is
especially efficient for compensating channel memory-caused inter-symbol interference (ISI). The MLSE
process involves Trellis, as defined by states and branches, which analyze the KL+1 branches per each
symbol, where K is the alphabet size of the modulation scheme, and L is the memory length. The MLSE
processor chooses the path with the smallest metric, and produces the most likely sequence by tracing
back [13]. The complexity of MLSE is exponentially proportional to memory length. Therefore, we limit
the memory length to 2 for electrical/optical Duobinary and 1 for PAM-4, so that all three schemes
have four states of MLSE. Electrical/optical Duobinary can also incorporate 2-state MLSE with a
memory length of 1.
The MZM used for optical Duobinary is configured in a push-pull mode, and it has zero chirp.
Comparatively, both electrical Duobinary and PAM-4 uses an EAM, which considers the chirp model
based on experimental measurements [14] and behaves a negative chirp. The detailed modeling
of EAM can be found in [11]. The model reveals an important relationship relating the carrier
frequency deviations with the power variations through the time-dependent chirp-parameter for
electro-absorption modulated lasers (EMLs). It is essentially similar to, but slightly different from the
frequency chirp model that is used for the directly modulated laser [15]. The receiver equalizer for each
scheme is similar. The equalizer is based on an FFE) and DFE structure, and includes both linear and
nonlinear terms. The nonlinear part includes only the second-order Volterra kernels, and higher order
kernels are discarded due to complexity reasons. The considered equalizer can be further simplified for
considerations of practical implementation, since ONU receivers are very cost-sensitive. The FFE/DFE
filter is expressed by [12]:
y0 [k ] =

M −1,N

∑

i =0,j=1


ai y [ k − i ] − b j y 0 [ k − j ] +

M −1

∑

i =0,j=0

N

ai,j y[k − i ]y[k − j] −

∑

bi,j y0 [k − i ]y0 [k − j] (1)

i =1,j=1,i 6= j

where M(N) is the FFE(DFE) filter order. y(y0 ) denotes the filter input(output) sample. The first term
on the right-hand-side of Equation (1) is the linear part, and the remainder is the nonlinear part.
For our simulations, MatLab is used, and all models are self-developed. A Gaussian response
lowpass filter (LPF) is used to model the joint frequency response of a driver and an EAM. The Gaussian
LPF may cover the effect of an analogue digital-to-analogue convertor (DAC), where it is needed
in practical systems. In addition, the optical Duobinary transmitter requires a shaping filter that
adopts a fifth-order Bessel filter model. The shaping filter bandwidth is optimized, and the identified
optimum value is approximately 17 GHz [11]. The APD-trans-impedance amplifier (TIA) receiver
is used for all systems [11], and a LPF model covers the joint frequency response of the ADP-TIA,
and an analogue-to-digital convertor (ADC). The APD-TIA thermal noise and shot noise model is
based on that presented in [16], and the key parameters include an average APD gain of 4, an amplifier
noise figure of 2, an ionization constant of 0.5, and a dark current of 25 nA. The Volterra filter
consists of 7-tap symbol-spaced FFE and 5-tap DFE (M = 7, N = 5) which correspond to 12 linear taps
and 38 second-order nonlinear taps. Note that in practical implementations, there significant parts
of the second-order Volterra kernel terms, having very small weights; thus, the complexity can be
reduced significantly by disabling these negligible terms, but without degrading their performance [17].
A feedforward error correction (FEC) RS(255,223) with a threshold bit error rate (BER) of 1.0 × 10−3 is
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assumed, which has been adopted in 10G Ethernet PON standard. The transmitter output optical power
is set to be 10 dBm, and the signal carrier wavelength is 1550 nm. A split-length SMF model is adopted
with a fiber loss of 0.2 dB/km, a chromatic dispersion of 17 ps/km/nm, and a nonlinear coefficient
γ = 1.3 W−1 /km. A second-order optical band-pass Gaussian filter is considered to model the
MUX/De-MUX with a 40 GHz 3 dB bandwidth, which corresponds to a 50G WDM grid. A responsivity
of 3.2 A/W is used for the optical receiver. Note that the optimization of the thresholds is performed
in the receiver decoders for all cases.
3. Simulation Results
3.1. Optimization of Transceiver Bandwidth
Figure 3 shows the optimization of 40 Gb/s PAM-4 transceiver bandwidths, and the dependence of
PAM-4 receiver sensitivity at a BER of 1 × 10−3 on chromatic dispersion subject to different transceiver
bandwidths is shown in the figure. It clearly indicates that there exists an optimum transmitter/receiver
bandwidth, corresponding to which PAM-4 has the best dispersion tolerance, and/or the maximum
receiver optical power sensitivity. The optimum transmitter bandwidth is identified to be 20 GHz,
which gives rise to the best trade-off between dispersion tolerance and receiver sensitivity. This is
attributed to the fact that a larger transmitter bandwidth allows less ISI but experiences a stronger
impact of chromatic dispersion. The optimum receiver bandwidth is 12.5 GHz, which is mainly
determined by two factors: the receiver noise and the receiver-caused ISI. The optimization of
transceiver bandwidths for 40-Gb/s electrical Duobinary and optical Duobinary is similar, which
has been detailed in [18] and [11], respectively. The optimum transmitter/receiver bandwidth for
electrical Duobinary (optical Duobinary) is 25 GHz/12.5 GHz (17 GHz/17.5 GHz) [11,18]. Note that
the 50 G-ITU grid is adopted for all cases. It is worth mentioning that the system performance not only
depends on transceiver 3-dB bandwidth, but can also be affected by the spectral profile beyond the
3 dB bandwidth frequency [5].

Figure 3. Receiver sensitivity versus fiber dispersion for PAM-4, subject to various (a) transmitter
bandwidths and (b) avalanche photo-detector trans-impedance amplifier (APD-TIA) receiver
bandwidths. An Rx bandwidth of 12.5 GHz is used in (a), and a Tx bandwidth of 20 GHz is used in (b).
(De-)MUX filters as shown in Figure 2 are included. Only seven tap feedforward equalizer (FFE) and
five tap decision feedback equalizer (DFE) with first-order terms are considered.

3.2. Transmission Performance
By adopting the identified optimum transceiver bandwidth, the receiver optical power sensitivity
for each modulation scheme is shown in Figure 4 at different fiber distances. The optical power
sensitivity is obtained at a FEC threshold BER of 1 × 10−3 . The performance comparison considers
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can offset certain amounts of fiber chromatic dispersion. By using linear or nonlinear equalization,
optical sensitivity can improve the optical power sensitivity below 10 km and beyond 18 km of SMFs
as it further alleviates the negative chirp in the short fiber length case, and equalization is efficient to
mitigate the fiber dispersion. Nonlinear equalization outperforms linear equalization, simply because
the former is efficient in combating the EAM nonlinearity [11]. Note that a better performance when
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sensitivity can improve the optical power sensitivity below 10 km and beyond 18 km of SMFs as
it further alleviates the negative chirp in the short fiber length case, and equalization is efficient to
mitigate the fiber dispersion. Nonlinear equalization outperforms linear equalization, simply because
the former is efficient in combating the EAM nonlinearity [11]. Note that a better performance when
not using the equalizer as compared to using a linear and/or a nonlinear equalizer in the 10–15 km
range is obtained because the transmitter bandwidth was chosen, subject to an optimum dispersion
tolerance and cost trade-off, rather than only an optimum power sensitivity criterion [18]. The use of
MLSE brings about an enormous enhancement in optical power sensitivity, compared to cases without
MLSE at different fiber lengths. This verifies the strong capability of MLSE in alleviating both the
linear and nonlinear effects of a channel with memory. It is noticeable that the increase of the number
of MLSE states from two to four enables only a slightly improvement in power sensitivity until the
fiber lengths exceeds 40 km.
The performance for the PAM-4 system is shown in Figure 4c. Compared to optical/electrical
Duobinary, PAM-4 has the best benchmark dispersion tolerance: it is the only scheme that can support
20 km of SMF transmission without using equalizations. For SMF lengths below 20 km, the use of
linear or nonlinear equalization does not bring about a significant improvement in optical power
sensitivity. This is because of the relatively small fiber dispersion that PAM-4 experiences, since it
has half the symbol rate compared to other two schemes. Considerable optical power sensitivity
improvement occurs only beyond 20 km SMF lengths where fiber dispersion becomes more and more
strong with increasing fiber length. Similar to other systems, nonlinear equalization outperforms
linear equalization regarding fiber dispersion tolerance, although the improvement enabled by linear
or nonlinear equalization is far less compared to that of the electrical Duobinary case. The reason
might be because PAM-4 is more vulnerable to a strong eye skew at a long fiber distance [11] because
PAM-4 has more amplitude levels compared to the other two systems. By introducing a 4-state MLSE,
PAM-4 shows moderate enhancement in power sensitivity for fiber lengths beyond 20 km.
3.3. Link Power Budget
Figure 5 summarizes the achievable link power budgets of various 40 Gb/s PONs using different
DSPs at typical fiber lengths ranging from 10 km to 40 km. The link power budget is calculated by
considering the corresponding receiver power sensitivity at a BER of 1 × 10−3 , obtained in Figure 4
and for a 10 dBm of optical launch power. The vertical length of each bar in Figure 5 represents the
corresponding link power budget, and it is explicitly marked with a value in dB. Comparatively, for fiber
lengths beyond 10 km, there are some blank area with bars missing, which means that the link under
such a receiver signal processing configuration fails, because the receiver BER cannot achieve 1 × 10−3 .
At a 10 km SMF distance, optical Duobinary with 4-state MLSE offers the largest link power budget
of 34.6 dB, which outperforms electrical Duobinary and PAM-4 by 2.1 dB and 5.7 dB, respectively even
if a 4-state MLSE is used for the latter schemes. In addition, for each modulation scheme, the receiver
power sensitivity shows very little variation among different receiver signal processing configurations,
ranging from the case without equalization, to the case of MLSE, as indicated. This is because the
chirp and fiber chromatic dispersions almost offset each other at such a distance. For the 20 km case,
however, electrical Duobinary using 4-state MLSE achieves the best link power budget of 31.2 dB.
Optical Duobinary with a 4-state MLSE gives rise to a similar link power budget of 30.5 dB. Optical
Duobinary without equalization or by using only a linear equalization fails. PAM-4 is the only scheme
that succeeds for all four DSP configurations, and the link power budget varies little among different
DSP configurations. For 30 km and 40 km SMF cases, optical Duobinary fails even if a 4-state MLSE
is considered. Electrical Duobinary with a 4-state MLSE brings about 31 dB and 28.2 dB link power
budgets, which are the best for 30 km and 40 km cases, respectively. PAM-4 shows approximately
a 3 dB worse link power budget in either case, compared to optical Duobinary. Both the electrical
Duobinary and PAM-4 must incorporate equalizations, otherwise links fail.
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4
Considering the first term of the right-hand side (RHS) of Equation (1), the required multiplication
(summation) count per symbol is M + N (M + N − 1) for FFE/DFE with linear taps. For the second-order
FFE terms, as indicated in the second term of RHS of Equation (1), two types of multiplications are
performed: the first type is y[k − i ]y[k − j], representing the product between two symbols, which can
be expressed by a M × M lower triangular matrix. M such multiplications are required for each
symbol, since the (M − 1) × (M − 1) lower triangular matrix terms from the previous symbol period
are reserved, and only M new product terms are updated. The second type is ai,j y[k − i ]y[k − j] which
2

2

is the multiplication with tap coefficient that requires M 2+ M multiplications. In total, there are M +2 3M
multiplications per symbol for nonlinear FFE. Similarly, for the second-order nonlinear DFE terms
2
as shown by the last term of the RHS of Equation (1), the required multiplication count is N +2N −2 ,
with the difference that the symbols’ square terms are not considered. The total number of sums for
2
N2 − N
the second-order FFE&DFE is M + M+
.
2
For Viterbi MLSE, the key parameters include the constellation alphabet size K, the memory
length L, and the trellis length R which also determines the backtrack length. The trellis has K L states
and analyzes K L+1 branches per each symbol. The multiplication takes place when calculating branch
metrics by using typical Euclidian distance [22,23]:
L

(y0 [k] − ∑ cl · x [k − l ])2
l =0

(2)
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where c is the channel impulse response coefficient, and x is transmitted symbol sequence. Simplifying
MLSE using the absolute value of the distance instead of the square of the distance in branch
metric can save complexity without performance degradation [22], and thus it is used in this work.
The required number of multiplications is ( L + 1)·K L+1 , where L + 1 multiplications are for the
convolution operation of ∑lL=0 cl · x [k − l ]. The number of sums is also ( L + 1)·K L+1 . After R symbols,
it backtracks the trellis to determine the MLSE solution, which involves K L+1 if-statements, which can
be equivalently viewed as a sum operation.
Table 1 summarizes the complexity of various DSP configurations for all of the modulation
schemes. Note that the complexity of FFE/DFE is the same for all three schemes, since the tap count
is the same, but the MLSE complexity depends on the modulation constellation size K and memory
length L. It clearly indicates that the majority of complexity is from the FFE/DFE whose second-order
nonlinear equalizations account for approximately 50% of overall multiplication or sums. Linear
FFE/DFE has the least complexity. MLSE with a small memory length shows moderate complexity
regarding both the required multiplication and sum operations.
Table 1. Complexity (number of multiplications and sums per symbol) of various DSP algorithms.
DSP Algorithm

Modulation

Multiplications

Sums

Linear FFE–DFE (M = 7,
N = 5)

Opt./Electr. Duobinary,
PAM-4

M+N
12

M+N−1
11

(Non)linear FFE–DFE
(M = 7, N = 5)

Opt./Electr. Duobinary,
PAM-4

(Non)linear
FFE–DFE–MLSE (K = 2,
L = 2)

Opt./Electr. Duobinary

( L + 1)·K L+1 + 61
85

( L + 2)·K L+1 + 49
81

(Non)linear
FFE–DFE–MLSE (K = 4,
L = 1)

PAM-4

( L + 1)·K L+1 + 61
93

( L + 2)·K L+1 + 49
97

M2 +3M + N 2 + N −2
2

+ 12

61

M2 + M + N 2 − N
2

+ 11

49

The complexity of the second-order FFE/DFE can be significantly reduced by neglecting the
terms whose corresponding tap coefficients are much less weighted [17,24]. Recent experimental
demonstrations show that a 75% complexity reduction is possible [24]. For MLSE, first, for the optical
or electrical Duobinary scheme, the memory length can be further reduced to 1, leading to halved
multiplication and sum operations at the cost of the degradation of the power budget performance
to some extent for >10 km SMF cases. The MLSE complexity for all modulation schemes can further
be reduced by calculating the metrics using histogram and averaging, whose result can replace the
∑lL=0 cl · x [k − l ] term in Equation (2). Since the histogram and averaging can be performed at the
beginning of the communication, and it rarely needs further calculations, as the optical channel is
relatively stable, it can be assumed that such an operation does not contribute to MLSE complexity.
As a result, it gives almost no multiplications, and also reduces the sum operation count for MLSE.
This indicates the superior complexity performance of MLSE and its feasibility for access networks.
4. Discussion
The choice of modulation format and DSP configuration depends on the fiber distance.
For short-reach SMFs of up to 10 km, optical Duobinary without any DSP offers the best trade-off
between the link power budget. For the typical standardized transmission distance of 20 km SMF,
DSP-free PAM-4 can be considered if the minimization of the receiver complexity is the priority,
while electrical Duobinary with 4-state MLSE is preferred if a link with link budget as large as possible
is preferred. For 30 km and 40 km, electrical Duobinary is preferred from both the link power budget
and the DSP complexity points of view. Note that electrical Duobinary has the best performance with
MLSE, but it requires a larger transmitter bandwidth, as indicated in Section 3.1, which may require
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simple pre-equalization if a lower bandwidth transmitter is used in practice. As indicated in [25],
pre-equalization, together with receiver FFE/DFE, do reduce the transceiver bandwidth requirement.
In addition, PAM-4 halves the baud rate compared to electrical/optical Duobinary, which must be
considered as a higher priority when the system DAC/ADC sampling rate and signal processing speed
are limited. The complexity of both nonlinear FFE/DFE and MLSE can be reduced by optimizing
implementation, indicating that the proposed DSP is feasible for access networks.
The IEEE and ITU-T standardization ends up with 25 Gb/s and 50 Gb/s per wavelength of next
generation high-speed PON systems. For the 50 Gb/s case, the general performance trend, as well as
the performance difference between each modulation format would be similar with the 40 Gb/s case.
The difference would be the transceiver bandwidth requirement and the achievable power budget.
5. Conclusions
Comprehensive numerical investigations and comparisons have been made between 40 Gb/s lane
rate electrical Duobinary, optical Duobinary, and PAM-4 systems, using practical linear and nonlinear
equalizations and low complex MLSE for NG-PONs. The results are useful for choosing the optimum
modulation scheme and the DSP configuration for upgrading the capacity in optical access networks.
The trade-off between link power budget performance and transceiver complexity determines the
choice of modulation format and DSP configuration. DSP-free optical Duobinary is always preferred
for short-reach SMF links of up to 10 km. For 20 km SMF, DSP-free PAM-4 is the only option with the
least complexity, otherwise electrical Duobinary is preferred if a high-link power budget is critical.
Electrical Duobinary outperforms PAM-4 for cases of SMF beyond 20 km.
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