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Abstract—Chromatic dispersion (CD) is one of the key limita-
tions of increasing the transmission performance for short-reach
transmission. The available optical dispersion-compensation tech-
niques are not favored due to their high complexity and other
expenses such as power. Reservoir computing is reviewed as a
promising technique to provide equalization with memory in an
easily trainable fashion, and the properties of the reservoir network
are directly linked to system performance. In this article, the digital
reservoir computing (RC) based CD-compensation technique is
investigated to enhance the transmission performance for digital
filter multiple access passive optical network (PON). Numerical
results show within 50-km single mode fiber transmission distance
for 16 GHz signal bandwidth, the RC-based technique is effective
for CD compensation to improve the capacity by 25%.

Index Terms—Reservoir computing, short-reach transmission,
multiple access, chromatic dispersion compensation.

I. INTRODUCTION

THE emerging bandwidth-consuming technologies and re-
markable applications in current 5G/B5G network are in

rapid growth, and these development not only further intensi-
fies the ever-increasing demand for data rates, but also brings
a number of other formidable technical challenges including
dynamic reconfigurability, flexible and elastic functionality, as
well as improved installation/operation cost-effectiveness [1],
[2]. To provide a dynamically reconfigurable, flexible, reliable,
secure, transparent, smart and high-performance environment to
meet these stringent requirements, it is essential to seamlessly
converge traditional optical access networks, metropolitan area
networks and mobile fronthaul/backhaul networks, which have
been separately developed and independently operated over the
past a couple of decades. Passive optical networks (PONs) are
considered worldwide as one of the most promising candidates
for realizing the highly desired network convergence [2].

Digital filter multiple access (DFMA) PONs [3], [4], [5], [6]
have recently been proposed for applications in cost-effective
software-defined networking (SDN) scenarios, which make use
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of DSP-based dynamic software reconfigurable digital orthogo-
nal filters to perform channel multiplexing/demultiplexing. The
involved digital orthogonal shaping filters (SFs) and matching
filters (MFs) are implemented in the digital domain in each
individual transceiver in the optical network units (ONUs)
and optical line terminal (OLT). Through centralized network
resource abstraction and network infrastructure virtualization,
the DFMA technique allows multiple independent channels of
various signal modulation formats and arbitrary bandwidth
granularity to transparently and dynamically share a com-
mon fiber transmission medium and other relevant network
resources. Both numerical simulations and experimental demon-
strations [3], [4], [7] have shown the feasibility of utilizing
the technique in cost-sensitive intensity modulation and direct
detection (IMDD) DFMA PON application scenarios.

Although DFMA PON provides a promising solution for
flexible multiple-user access, its performance is still limited by
the chromatic dispersion (CD) along with the loss of phase infor-
mation in intensity modulation and direct detection (IMDD) [8],
[9], in particular for NG-PON2 where the wavelength locates
at C-band thus with high dispersion [10]. The available optical
CD-compensation techniques are mainly focused on dispersion-
compensation fibres (DCFs) [11] or fiber Bragg gratings [12].
Optical domain techniques can fully compensate for the accu-
mulated dispersion, however, due to implementation complexity
and high optical power loss, they are not considered for short-
reach fibre communications. In contrast to the single carrier
modulation such as OOK, PAM, OFDM signal is benefited
from its inserted cyclic prefix (CP) in each OFDM symbol, the
CP length-endured inter-symbol-interference (ISI) induced by
the CD can be effectively compensated [13]. In addition, the
OFDM offers an efficient method of dispersion equalization,
known as a ‘1-tap equalizer’, which performs a single complex
multiplication to real-imaginary pairs to equalize its phase and
amplitude [14]. However, the 1-tap equalization and longer CP
length cannot solve the problem of RF power fading caused
by the CD and direct detection, moreover longer CP come at a
cost of data rate within a limited performance. To further satisfy
longer transmission with higher bandwidth for future network,
massive optical SSB transmission and coherent receiver have
been proposed in the literature to eliminate the power fading
effect. However, extra optical filter or IQ optical modulator are
required, resulting increased cost [15].

For single carrier modulation, such as OOK and PAM-m
signal, the digital domain CD-compensation methods includ-
ing maximum likelihood sequence estimation (MLSE) [16],
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[17] and Volterra equalization [18], have been demonstrated
as promising solutions for CD-compensation. In addition, the
machine learning techniques such as artificial neural networks
(ANNs) [19], [20] are proposed for CD-compensation. Feed-
forward neural networks (FNNs) [21], [22] and recurrent neural
networks (RNNs) [23] show promising improvements. FNN
system is inherently unable to compensate for CD, as con-
nections between neighboring blocks/neurons are not included.
RNNs show property of memory, however, they require back
propagating through the full network, thus training parameters
are large and the training process is complex. It is therefore
desirable to develop schemes where the training phase can be
performed with low complexity.

Reservoir computing (RC) offers a novel approach to neu-
romorphic computing that can considerably reduce the hard-
ware implementation complexity of ANNs, enabling a scalable
hardware implementation [24]. RC, also known as Echo State
Network (ESN), replaces the hidden layers of NN with a large
scale sparsely and randomly connected network (reservoir) [25].
By training partial weights of the network, the training process
of the algorithm is greatly simplified, and the shortcomings of
the traditional RNN structure are difficult to determine and the
training process is too complicated. As a new type of random
weight recursive network, it has been proved that RC can reduce
the training complexity of NN and improve the performance of
optical communication system. In [24], [26], [27], RC has been
studied in single carrier modulation such as OOK and PAM-m in
short reach optical transmission. In this work, RC is utilized for
the first time in the uplink of DFMA PON with multicarrier mod-
ulation in multiple user access application scenarios. To obtain
the phase variation-induced amplitude changing information,
RC is applied before L-downsampling in the receiver of DFMA
PON link. Numerical simulation results manifest that digital RC
is feasibility for the uplink of DFMA PON. Comparing to the
CD-compensation free system, the CD-destroyed channels can
reach HD-FEC limit of BER at 3.8× 10−3.

The main contributions of this article can be summarized as
follows:
� To explore the effectiveness of digital RC method for

CD-compensation, different RC parameters are explored,
including reservoir size, spectral radius, leaking rate, and
sparsity.

� The key digital filter parameters including roll-off factor
and filter length in DFMA PON are investigated for both
RC-compensated and no-compensation channels.

� For fixed digital filter parameter and RC parameter, up-
link transmission performance is compared between RC-
compensation and non-compensation channels. Moreover,
the total capacity, transmission length, the receiver sen-
sitivity and the differential optical launch power are also
calculated.

The remainder of this article is organized as follows. In
Section II, we describe the model of a general DFMA PON
with digital RC implemented in the receiver DSP. Meanwhile,
the details of RC implementation is introduced. In Section III,
simulation results are presented and discussed in aspects of RC

parameters, digital parameters and transmission performance.
Section IV concludes this work.

II. SYSTEM MODEL

A. Upstream of DFMA PON

The schematic diagram of the IMDD DFMA PON is de-
picted in Fig. 1. The digital orthogonal filtering for multiplex-
ing/demultiplexing downstream/upstream signals are employed
in the digital domain. For the downstream, the signal can be mul-
tiplexed in the digital domain, the same as in the point-to-point
transmission system [28], and digital RC can be easily adopted
in the RX DSP, as shown in Fig. 1. In this article, special attention
is given to the multipoint-to-point upstream operation only.

For the upstream operation, the ith ONU data digitally en-
coded by an arbitrary signal modulation format is upsampled
(L ↑) by a factor of L via inserting L-1 zeroes between two
consecutive original data samples. The upsampled data sequence
is subsequently passed through a digital shaping filter (SF). Hav-
ing been digitally filtered, the resulting data sequence is passed
through a digital-to-analog converter (DAC) and an optical
intensity modulator (IM) to generate the optical signal. Different
optical signals from various ONUs attached to the DFMA PON
are finally passively combined by a coupler in the remote node
and propagated through the fiber transmission link to the OLT.
An example of how different orthogonal filters are assigned to
individual ONUs is illustrated in the inserted figure of Fig. 1,
where the gapless frequency responses of both I and Q compo-
nents of these Hilbert-pairs at different central frequencies are
plotted. Here, the signal from ONU1 and ONU2 share the same
central frequency. In the OLT, after a photodetector (PD) and an
analog-to-digital converter (ADC), the data stream correspond-
ing to the ith ONU can be demultiplexed by the corresponding
matching filter (MF), whose coefficients are computed by the
OLT-embedded DSP controller following a procedure similar to
its ONU counterpart. For the CD-compensation transmission
scheme, the digital RC is applied before the downsampling
(L ↓), which selects every Lth sample. Finally the ith ONU
data is recovered after decoding.

The construction of various digital orthogonal SF and MF
filters employed in the ONUs and OLT is undertaken using the
Hilbert-pair approach, and the impulse responses of the ith in-
phase and quadrature-phase filter components, represented by
“I” and “Q”, respectively, gwi (t), (w= I and Q), can be written
as:

gwi (t) =

{
p(t)cos (2πfcit)w = I
p(t)sin (2πfcit)w = Q

(1)

where fci corresponds to the central RF frequency of the ith
Hilbert-pair and p(t) is the baseband pulse having a square-root
raised-cosine form given by

p(t) =
sin [π (1− α) t′] + 4αt′ cos [π (1 + α) t′]

πt′
[
1− (4αt′)2

] , t′ =
t

T

(2)
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Fig. 1. Schematic of the IMDD based upstream DFMA PON transmission system. Inserted figure: An example of different orthogonal filters assigning to
individual ONUs, where the gapless frequency responses of both I and Q components of these Hilbert-pairs at different central frequencies.

where T is the symbol period prior to up-sampling and the α
parameter controls the excess of bandwidth of the square-root
raised-cosine function. Each of these filter components can
be independently utilized to convey an individual signal, thus
represents an independent channel. The impulse response of the
ith SF (si(t)) in the ith ONU, and the jth MF(mj(t)) in the OLT
satisfies the following relationship{

si(t) = gwi (t)
mj(t)= gwj (−t)

w = I or Q (3)

with

si(t)⊗mj(t) =

{
δ (t− t0) i = j
0 i �= j

(4)

where t0 corresponds to the total time delay induced by the
digital filtering process. For an optical signal of a specific
wavelength transmitting N independent channels, the central
RF frequency of the ith Hilbert-pair, fci, is governed by

fci = (2i− 1)
fDAC/ADC

2N
i = 1, 2, 3, · · ·, N

2
(5)

where fDAC/ADC is the sampling rate of the DAC/ADC.
Thus, a DSP-enabled dedicated physical connection between

the ith ONU and the OLT is established, which fully supporting
the SDN solution, and greatly easing transparent abstraction and
virtualization processes because of inherent rich DSP-enabled
network intelligence.

B. Digital Reservoir Computing

The digital RC adopted in this article is illustrated in Fig. 2,
which mainly includes the input layer, reservoir, and output
layer. The input signal vector u[n] = [u1[n], . . ., uN [n]]T con-
sists of a real N-dimensional vector at the discrete-time instant
n, where N represents the number of inputs. The output layer
uses a linear activation function to linearly combine the neu-
rons in the reservoir to output the recovered signal, y[n] =
[y1[n], . . ., yK [n]]T is expressed as :

y[n] = Wout
res · x[n] +Wout

in · u[n] (6)

where x[n] is the states of reservoir (x[n] =
[x1[n], . . ., xM [n]]T ), including M of reservoir nodes. Wout

res

defines the weights and interconnection between theM reservoir
states and theK network outputs, whileWout

in describes a direct

Fig. 2. Reservoir computing schematic for CD compensation.

connection between input and output layers. The evolution of
the reservoir x[n] at the time instant n is a function of input and
the previous time:

x[n] = β · fact(Win · u[n]
+Wres · x[n− 1]) + (1− β) · x[n− 1] (7)

where β is the leakage rate to emulate an exponential decay
within the reservoir, to satisfy the echo state property and mimic
realistic physical implementations. u[n] is injected into the
reservoir through a linear transformation given by the M× (N
+ 1)-dimensional Win, where N + 1 takes into account a bias
component.

The key advantage of the RC approach relies on the fact
that, once a suitable M ×M -dimensional Wres is constructed,
the evolution of the reservoir states depends only on the
inputs, and training is only applied to optimize the output
weights (Wout

res ,W
out
in ). Such an optimization does not require

the complex and computationally expensive back-propagation
through the whole network, as is the case for RNNs (back-
propagation-through-time algorithm) or even simpler FNNs
(back-propagation algorithm). The training can be performed
with a single linear regression operation, possibly with ridge
regularization included, aiming at minimizing the squared error
of the loss function.

Generally, the training process of RC includes two stages:
states selection and weights calculation. In the state selection
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stage, the initial state of the reservoir needs to be determined
first, and the initial state is usually assumed to be 0. The update
process of the state is shown in (7).Win andWres are randomly
generated (satisfying uniform or normal distribution) and kept
constant throughout the training phase. In the weights calcu-
lation stage, the matrix (Wout

res ,W
out
in ) needs to be calculated

according to the collected system state matrix A and training
data, so that the actual output of the network is close to the
expected output result. As shown in

Ytarget = (Wout
res ,W

out
in )T ·A (8)

To make the error between Ytarget and Y as small as possible,
we define the mean squared error (MSE) as the target loss
function in the training phase and solve this linear regression
problem using the least squares method. Computationally, this
problem can be further processed as a pseudo-inverse problem
of A.

(Wout
res ,W

out
in ) = (AT ·A+ λI)−1 ·AT ·Ytarget (9)

In (9), we use ridge regression to process A. The stability and
reliability of traditional least square is improved by adding a
regularization term (λ). The completion of Wout calculation
represents the end of RC training process.

C. Reservoir Computing-Based Equalization

For the upstream DFMA PON, the signal sampled by the
ADC in the OLT is originally effected by the CD effect, and
the signal after L-downsampling is obtained by selecting every
L-th sample, which may lose temporal information interfer-
ence. While RC-based compensation is highly dependent on the
temporal information processing with memory, thus the signal
after matching filter but before L-downsampling is utilized for
RC-based equalization. The training sequence in the transmitted
signal is utilized for RC-based training process, and it will go
through the whole channel effect, including filtering effect and
CD. To keep consistent with the received training signal, the
target signal from the transmitter also go through shaping and
matching filter process. Thus, the training signal is a matrix
∈ RN×J, the row N represents the ONU or channel number, J
is the training length of each channel. For the states selection,
all the input and reservoir weights are drawn for a uniform
distribution U (-1,1). Concerning fact, tanh(·) is considered in
this work. The reservoir interconnections are with the probability
of no interconnection p(wres

ij = 0) corresponding to the desired
degree of sparsity or connectivity of the reservoir matrix. In ad-
dition, the spectral radius ρ defined as the maximum eigenvalue
of Wres is a key hyper-parameter, affecting the RC stability.
To explore the expected behavior of the reservoir, the spectral
radius, leakage rate, sparsity and reservoir size are studied in the
next section.

III. SYSTEM PERFORMANCE

In this section, we evaluate and compare the performance of
upstream DFMA PON transmission with and without RC-based
CD compensation. To emphasize the CD compensation effect,
fibre nonlinearity is neglected for the low optical launch power

TABLE I
POWER ALLOCATION STRATEGY

in PON application scenario. The chromatic dispersion are con-
sidered with group velocity dispersion (GVD) parameter and
second-order GVD parameter [13], and the dispersion parame-
ters are listed in Table I. Both signal generation, detection and
fibre dispersion effect are simulated using MATLAB software.
To simulate the OFDM signal generation and detection, the
approach reported in [6] is adapted. Throughout the article,
each ONU is assigned with a whole real-valued OFDM channel,
with each channel consisting of fifteen, 16-QAM modulated,
data-bearing subcarriers (IFFT size is 32) if without any spe-
cial note. In each ONU, an ideal optical intensity modulator
is utilized, which produces an optical field signal expressed
as:

Eo(t) =
√
1 +m · y′(t) (10)

where m is the modulation index, y
′
(t) is the electrical driving

signal.
Apart from simplicity, the utilization of the ideal optical

intensity modulator can also completely eliminate the optical
beat interference (OBI) effect. For simplicity but not losing
generality, four ONUs are considered in the adopted multipoint-
to-point upstream PONs. The construction of the digital filters
in the ONUs is undertaken using the Hilbert-pair approach [6],
in which the baseband pulse has a square-root raised-cosine
form and the central frequency fk corresponds to the RF central
frequency of the Hilbert-pair. Each Hilbert-pair includes both
in-phase and quadrature-phase filter components to support two
spectrally-overlapped orthogonal channels. In this article, up-
sampling factor L is taken to be 4, and the two central frequency
are f1 = fs/8, f2 = 3 fs/8, fs is the DAC/ADC sampling
speed.
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After direct detection, the detected electrical signal I(t) is

I(t) = |Eo ⊗ h(t)|2 = [Eo ⊗ h(t)] · [Eo ⊗ h(t)]∗ (11)

where h(t) is the channel response. When only dispersion is
considered, the channel transfer function in frequency domain
is

H(f) = ejΦD ,ΦD = 2π2β2Lf
2 (12)

where ΦD is the chromatic dispersion-induced phase shift, f
indicates the signal frequency offset with respect to the optical
carrier, and β2 is the group velocity dispersion. For a simply
clarification in this part, only GVD parameter is considered in
the fiber dispersion of (12).

Expanding the detected signal I(t) in Taylor series, The
optical signal can be approximated by

Eo(t) =
√
1 +m · y′(t) =

√
1 +X

= 1 +
1

2
X − 1

8
X2 + · · · , X = m · y′

(t) (13)

Considering the channel response, the square-law detected sig-
nal can be expanded as

I(t) = 1 +X ⊗ h(t) + h∗(t)
2

−X2 ⊗ h(t) + h∗(t)
8

+ · · ·
(14)

The second term of (14) is the desired signal with IMDD system
channel response. Combining (12) and (14), the IMDD system
transfer function in frequency domain is

H
′
(f) =

H(f) +H∗(f)
2

= cos(2π2β2Lf
2) (15)

Therefore, the optical dispersion effect is not linearly mapped
into electrical domain, and such damage cannot be equalized
by the ’1-tap equalizer’. Fig. 3(a) shows each ONU location
in the spectral, and ONU3 and ONU4 are overlapped in the
higher RF frequency range. It can be seen that the power fading
is shown around the frequency range [13 GHz,15 GHz], and
the corresponding subcarriers (index 7 to index 11) are badly
destroyed, thus these subcarriers are dropped in the following
discussion. While after RC-based CD compensation, the RF
fading effect is significantly mitigated and the spectral is more
flat than that without RC compensation, as shown in Fig. 3(b).

A. The Optimum RC Hyper Parameter

All the key simulation parameters are listed in Table I, and the
OFDM signal of each ONU is sampled at 32 GS/s and transmit-
ting 20 km of fibre with dispersion effect. The received optical
power is set to be -2 dBm to guarantee the transmission system
having a reasonable SNR. Due to the accumulated dispersion,
ONU3 and ONU4 located at higher frequency range is badly
destroyed in the IMDD system. To overcome the dispersion
effect, the digital RC-based equalization is implemented in the
receiver, and its key hyper-parameters are listed in Table I. The
reservoir size or the RC nodes is selected to be 400. Since
the larger the RC nodes, the more complex the RC-induced
implementation complexity. Moreover, the system performance
depend on the reservoir size is explored in Fig. 4(a). For the most

Fig. 3. Normalized power spectrum of the received signal after PD (a) before
RC compensation. (b) After RC compensation.

Fig. 4. (a) BER vs reservoir size. (b) BER vs reservoir radius.

CD-effected channels ONU3 and ONU4, their performance is
improved by increasing the reservoir size, and reach the lowest
BER after the size of 400. When the size is larger than 400,
the performance tends to be stale. Meanwhile, the performance
of ONU1 and ONU2 located at the lower frequency range is
less effected by the dispersion, and the reservoir size have little
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Fig. 5. (a) BER vs reservoir leakage rate. (b) BER vs reservoir sparsity.

impact on their performance. Since limited signal samples are
utilized, the BER variation below 1× 10−4 is resulted from the
statistical error.

In addition to the reservoir size, the spectral radius is defined
as the absolute value of the largest eigenvalue of the connection
weight matrix Wres, which is a key parameter to ensure the
stability of the algorithm. When spectral radius is less than 1, the
network has the property of echo. In Fig. 4(b), the performance of
ONU3 and ONU4 improves with increasing the spectral radius.
This is because the increased spectral radius leading to larger
reservoir memory, and the reservoir increases its ability to invert
the memory effect in the transmission channel.

In (7), the leakage rate β is utilized to mimic realistic physical
implementation, and its impact on the performance of RC is
also explored. As shown in Fig. 5(a), by increasing the leakage
rate, the performance of the algorithm is significantly improved.
In the range of 0.9 to 1, the performance tends to be stable.
When the leakage rate is 1, the leaky integral neurons degener-
ate into ordinary neurons. Theoretically, leaky integral neurons
can improve the performance of the reservoir. Without loss of
generality, the values of spectral radius and leakage rate are 0.9
and 0.99, respectively.

Moreover, the sparsity represents the proportion of non-zero
elements to the total elements in the neuron connection matrix
of the reservoir. Generally, the smaller the sparsity is, the sim-
pler the internal structure of the reservoir is. A brief analysis
of the impact of such hyper-parameter has shown a minimal
impact on system performance [24], this is also confirmed in
Fig. 5(b). From the range 0.02 to 0.5, the sparsity has little
effect in the performance of the digital-RC based equalization.
Here, sparsity of 0.25 is chosen for the following study. Thus,
we have identified all parameters that affect the computational
performance of the reservoir, and applied to the following
study.

Fig. 6. BER vs received optical power (dBm).

Fig. 7. BER vs shaping/matching filter roll-off factor α.

B. RC-Improved Performance Dependence on Filtering Effect

Applying with the identified optimum parameters in the pre-
vious section, the BER versus received optical power (ROP)
of the upstream transmission of DFMA PON is illustrated in
Fig. 6. It is clear that without any dispersion compensation, the
corresponding ONU3 and ONU4 fail to work. After applying
with the RC-based compensation, both the two channels reach
to HD-FEC limit of BER at3.8× 10−3 when the received optical
power is larger than -3 dBm. At the ROP of 2 dBm, each ONU‘s
corresponding constellations after RC are shown in Fig. 6, it
is clear that the quadrature channels (ONU2/ONU4) are still
effected by the filtering effect [28].

Thus, Fig. 7 presents the four ONU performance versus ROP
for different levels of adjacent channel interference (ACI). Here
the different ACI levels are introduced by varying the filter’s
alpha parameter [29], which controls the excess of bandwidth
with respect to the minimum bandwidth determined by the
symbol period. Generally speaking, for a given filter tap count,
a larger alpha value produces lower in-band frequency response
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Fig. 8. BER vs shaping/matching filter length.

ripples, but gives rise to larger filter response side lobes, thus
leading to greater ACI. Varying the roll-off factorα from 0 to 0.7
while fixing the filter length at 32, the transmission performance
of BER is compared in Fig. 7. For the dispersion effected
channels ONU3 and ONU4, RC-based compensation greatly
reduced the BER. In addition, the quadrature channel ONU4
shows less improvement than that of ONU3, this is due to the
quadrature channel ONU4 enduring more oscillating structure
than in-phase channel of ONU3. This is also confirmed in ONU1
and ONU2, where the RC-based technique cannot compensate
the oscillating-induced signal damage.

In addition, fixing the roll-off factor at 0.001, varying the filter
length from 8 to 128, Fig. 8 shows that the RC-assisted transmis-
sion performance of ONU3/ONU4 is improved and reach stable
at the filter length of 32. The performance degradation at length
smaller than 32 is because that more error of the received data
leads to the invalid of RC training. The results above indicate
that the filtering-induced signal distortion cannot be equalized
by RC.

C. RC-Improved Performance on DFMA PON

To explore the RC-enhanced transmission capacity, each
ONU and the aggregated transmission capacity of the DFMA
PON are shown in Fig. 9. The aggregated signal transmission
capacity for a fixed DAC/ADC sampling speed is achieved by the
adaptive bit loading applied to each subcarrier, and the capacity
of each ONU/channel is calculated by (16)

Rb =
fs

∑Ns

k=1 nkb

(FFT_size)(1 + Cp)L
(16)

where nkb is the number of binary information bits conveyed by
the k-th subcarrier within one OFDM symbol period, Cp is the
overhead parameter associated with the cyclic prefix.

Applying with the RC parameter from previous section, from
Fig. 9(a), it is clear that the capacity of ONU3/ONU4 is enhanced

Fig. 9. (a) Each ONU capacity vs filter roll-off factor with/without RC at
length of 64. (b) Aggregated capacity of all four ONUs vs filter roll-off factor
at different filter length.

Fig. 10. Capacity vs transmission fiber length.

from 1 Gb/s to 6.8 Gb/s after 20-km fibre transmission when α
is in the range of [0, 0.2]. For ONU1 and ONU2, their capacity
is kept stable with and without RC-based CD-compensation. In
Fig. 9(b), the aggregated capacity with four ONUs is presented
with variations of digital filter roll-off factor and filter length at
16, 32 and 64. For α = 0, more than 25% aggregated capacity
is booted for different filter length. As the ACI increased, the
capacity enhancement slower down. Moreover, the filter length-
induced capacity improvement is small compared to RC-induced
capacity improvement, thus the curves with different filter length
are almost overlapped.

Additionally, the aggregated capacity along with the fibre
length is presented in Fig. 10. It can be seen that the without
any CD-compensation, the maximum reach of ONU3/ONU4 is
30 km at such high DAC/ADC sampling speed of 32GS/s, and
RC-based compensation technique can boost reach to more than
50 km, even though the capacity improvement is decreased with
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Fig. 11. BER performance vs ONU1 optical launch power.

Fig. 12. BER performance vs ONU2 optical launch power.

accumulated dispersion. For the aggregated capacity containing
all four channels, the average capacity increment is 13 Gb/s from
10 km to 40 km of fibre length. When increasing fiber length to
more than 50 km, the limited CD-compensation of digital RC
shows little transmission improvement brought to the DFMA
PON.

D. Differential Optical Launch Power Range

The RC-assisted DFMA-PON performance robustness to
differential ONU launch power is examined in Figs. 11 and
12, where the BER performance of a power-varying ONU is
plotted as a function of its optical launch power, whilst the other
fixed-power ONU’s launch power is kept constant at 0 dBm.
For simplicity but without losing generality, here four ONUs
are considered and the ROP in the OLT is fixed at −2 dBm. The

digital filters have 32 taps, and the alpha parameters are set at 0.
All other parameters are identical to those listed in Table I.

As expected, an increase in optical launch power from one
ONU improves its own BER performance, but simultaneously
degrades the BER performance of the other ONU, as shown in
Figs. 11 and 12. This mainly results from the opposite changes
in effective optical signal to noise ratio (OSNR) experienced
by these ONUs. In this context, the differential ONU launch
power dynamic range is defined, for a fixed ROP in the OLT, as
the maximum allowable variation range of optical launch power
from a specific ONU, over which the total BERs of all individual
ONU signals simultaneously transmitted over the PON are still
less than the adopted FEC limit.

At an ROP of −2 dBm, ONU3 and ONU4 are failed to work
with increasing launch power of ONU1 or ONU2 in Figs. 11(a)
and 12(a), while the differential launch power dynamic range
of the RC-assisted DFMA PON can be extended to 6 dB in
Figs. 11(b) and 12(b). Such a huge improvement mainly results
from the ONU3 and ONU4 performance improvement helped
by digital RC-based equalization. The enhanced differential
ONU dynamic range also brings improved PON performance
robustness. Meanwhile the differential launch power dynamic
range of both ONU1 and ONU2 are kept stable at 10 dB.

IV. CONCLUSION

In this article, we have presented a dispersion compensation
technique based on digital reservoir-computing for DFMA PON.
Theoretical model of uplink of DFMA PON and RC-based
equalization have been demonstrated, and optimum RC hyper-
parameters have been identified to achieve the lowest BER in
uplink of DFMA PON. In addition, the filtering effect has been
explored with various digital filter parameters. Results have
been shown that the RC-based equalization cannot compensate
the distortion effects induced by large roll-off factor and short
filter length. Moreover, the transmission capacity have been
explored by adaptive bit loading in each OFDM subcarrier. It has
shown that the aggregated capacity can be improved by around
13 Gb/s from 10 km to 40 km, achieving increment more than
25%. Finally, the differential optical launch power range has
been calculated, showing that RC-assisted DFMA PON can be
extended to 6 dB with all four ONUs, greatly improving the
PON performance robustness.
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