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ABSTRACT By utilizing digital filter multiple access (DFMA) technique in the optical access networks
allows immense potential to offers superb backward compatibility with existing optical as well as forthcom-
ing cloud access networks. Time and wavelength division multiplexing passive optical network (TWDM-
PON) incorporating DFMA depicts the promise of absolute and economical optical access networks for
5G based long-reach high speed applications. This simulation work in OptiSystem software, presents a
bidirectional hybrid TWDM-DFMA PON system at 25Gbps data rate employing eight uplink and eight
downlink channels for long-reach applications. The advantage of this work is to provide a high-bandwidth
as well as advanced last-mile network having adequate resource utilization for fiber links. The minimal
received power of –19dBm in uplink as well as –14dBm in downlink transmission can be obtained by the
proposed system over 50km fiber length at 200Gbps data rate. The system offers faithful data transmission
over 150km and 100km in uplink and downlink directions, respectively, over a single fiber link. Further,
the system can support end optical units up to 250 in uplink and 120 in downlink successfully. Moreover,
a power budget improvement of 4dB and a maximum optical signal to noise ratio (OSNR) of 91dB can be
obtained for the system. Besides this, the proposed PON is most efficient compared to other conventional
PONs in terms of less energy consumption, better spectral usage, long-reach transmission at high data rate
and ability to handle large number of end users.

INDEX TERMS Digital filter multiple access (DFMA), passive optical network (PON), time andwavelength
division multiplexing (TWDM).

I. INTRODUCTION
The explosive growth in Internet traffic has substantially
enhanced the high bandwidth demand connectivity in both
residential and industrial speculations. The existing world-
wide breathtaking 5G network development strengthens for
instance tendency and leads a number of additional ter-
rific technical issues, including elastic and flexible func-
tionality, dynamic configurability, improved installation
cost-effectiveness as well as reduced network simplicity.

The associate editor coordinating the review of this manuscript and

approving it for publication was Yang Yue .

To furnish dynamically reconfigurable, reliable, flexible,
transparent, smart, secure and high-performance environs to
satisfy rigid conditions, it is necessary to smoothly cover
conventional optical networks, mobile fronthaul or backhaul
access networks, which have been individually developed and
severally operated over the last few decades [1], [2].

Passive optical network (PON) is considered globally as
one of the most feasible prospects for recognizing the elegant
network convergence. It is notable that conventional PON
access networks are becoming inappropriate to successfully
accommodate the rising high effectual data traffic patterns.
Further, future time and wavelength division multiplexing
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PONs (TWDM-PONs) are too expected to be accompanied
with software defined networking (SDN) to offer elastic and
reconfigurable on-demand inter-connects down to the lowest
physical layer. To provide such required functionalities with
acceptable transparency to primary network design charac-
teristics, a new multiple access scheme termed digital filter
multiple access (DFMA), which employs digital signal pro-
cessing based, transceiver-embedded and SDN-rulable dig-
ital orthogonal filters to permit dynamically elastic as well
as reconfigurable physical interconnections between optical
network units (ONUs) and central office to fulfil transient
network traffic requirements. The working principle and
main advantages of DFMA-PONs, such as network adapt-
ability, backward compatibility, elasticity, flexibility, band-
width utilization ability, cost-effectiveness, operation func-
tionality, and power consumption adequacy over conven-
tional PONs motivate for extended research developments
interest in next-generation PONs based DFMAPONs [3], [4].

So, comprehensive works have been proposed for DFMA
PONs. In [5], an all-optical virtual private network in
DFMA PON using orthogonal frequency division multiplex-
ing (OFDM) has been investigated. The results show that
DFMA-OFDM PONs offers a transmission range of 25km
in single mode fiber (SMF) with 2dB power penalty at
10−3 BER. This scheme also provides a favorable method
for the power-saving and cost-effective applications of all
PONs based on a virtual private network. But it limits the
network expandability as well as upgradability as it suffers
from SMF dispersion if the ONUs are set other than central
frequencies. Besides this, the allocated different filters in
the network need to be adjusted dynamically utilizing con-
trollable SDN as per the traffic as well as users’ transmis-
sion link characteristics. Also, the same network has been
reported in references [1], [6], and [7], with a maximum
data transmission rate of 13.125Gbps for 5G networks. How-
ever, in [1], the OFDM-DFMA PON system is proposed
through theoretical predictions without any simulation or
experimental investigations, thus lacks in the verification of
the system in the practical access networks. To obtain the
receiver sensitivity of less than 1dB, limited and shortest filter
length of 16 is adopted in [6]. Also, it suffers from optical
beating interference (OBI) noise in the OLT.Moreover, in [7],
the transmission performance of the proposed system is
demonstrated over limited range of 25km with restricted
filter length of 64. However, in [3], a standard SMF (SSMF)
distance up to 26km using intensity modulation and direct
detection (IMDD) DFMA PONs with OFDM technique has
been proposed, but it lacks in data rate of 0.625Gbps and
maximum 12 frequency subcarriers are allowed to analyse the
system performance. Additionally, an IMDD-DFMA PON
employing DFMA channel interference cancellation scheme
at 32.5Gbps transmission rate over 26km SSMF has been
proposed in [8]. Moreover, in [9], a real-time experimental
demonstration of 0.7Gbps hybrid OFDM DFMA-PON over
26km SSMF to provide SDN-controlled network reconfig-

urability and offer elastic bandwidth provisions as well as
highly efficient usage of network resources has been reported.
Although, both [8] and [9],lacks in limited data rate, cost-
effectiveness and transmission distance. Additionally, DFMA
PON in [10] and [4] has also been presented but with a
restricted data rate of 0.75Gbps and SMF range of 26.5km.
Further, the advanced approach used in [11], incorporating a
four channels OFDM-based DFMA PON over 26km SMF
at 50Gbps data rate, has been realized successfully with
enhanced performance and robustness of network. Although,
it produces additive white Gaussian noise generated from
amplifier and photo-detector hence cause distorted constella-
tion points. Furthermore, in [12], the data rate has been further
increased to 101.6Gbps through experimental demonstration.
But due to restricted transmission range of 25km, high system
complexity and less flexibility, the OFDM-DFMA PON is
not adequate for future access networks. Thus, to increase
the SMF distance up to 50km, a 10Gbps IMDD-based hybrid
OFDM-DFMA PON has been reported in [13]. However, the
cancellation of cross-channel interference technique has not
been realized in the system. In addition, a bidirectional hybrid
TWDM-DFMA PON utilizing time division multiplexing
and sub-band grouping techniques over a 25km SMF range at
15Gbps data rate has been proposed successfully, hence lacks
in system transmission range as well as data rate [14].

Several previously presented research work, capable of
realizing long-reach and high transmission rate in conven-
tional DFMA-PONs, requires multiple additional transceiver
and extra network resources, leading to massive modifi-
cations to traditional PONs architectures. Further, the past
DFMA-PON designs also have limited transparency, upgrad-
ability and flexibility to future convergent networks incorpo-
rating an extensive variety of main network operation char-
acteristics to be adapted. To handle the aforesaid issues cost-
effectively, a bidirectional symmetric hybrid TWDM-DFMA
PON for long-reach and high-capacity applications is pro-
posed in this work. Compared with the earlier reported work,
the proposed PONoffers numerous advantages, such as a high
transmission rate, less complex and cost-effective transmit-
ter/receiver implementations [12], [15].

The novelty of this work is to design an energy-efficient,
high-speed as well as long-reach symmetric hybrid TWDM-
DFMA PON supporting large number of users. It is a future
based 5G and cloud access network. The major contributions
of this work are: to enhance the transmission distance against
transmission impairments in fiber, enhance system through-
put, minimizes considerable channel interference, reduces
the energy consumption and improves cost-effectiveness over
bidirectional transmission channel supporting huge number
of ONUs. The performance of the proposed system has been
measured in terms of bit error rate (BER) as well as received
optical power under the impact of fiber impairments. The
proposedwork is systemized as follows. Section II defines the
design of hybrid TWDM-DFMA PON system. Results and
discussion are explained in Section III. Finally, Section IV
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illustrates the conclusion and future work of the proposed
system.

II. PROPOSED DESIGN
The proposed architecture of the bidirectional hybrid
TWDM-DFMA PON is presented in FIGURE 1. This archi-
tecture is comparable with the conventional TWDM-PON
employing eight wavelengths in both uplink and down-
link organization that ONUs and central office or optical
line terminal (OLT) are linked via optical distribution net-
work (ODN) which uses passive components like power
splitter, power combiners, optical circulators etc. For
downlink and uplink transmission, wavelengths ranging
from 1596 to 1601.6nm and 1527 to 1532.6nm with 0.8nm
channel spacing are utilized, respectively, at 25Gbps per
channel data rate.

A digital signal processing (DSP) module is employed in
an OLT and each ONU as shown in FIGURE 1(a). Also,
to cope with optical beat interference problem, coherent
detection with local oscillator (LO) laser are endorsed at
OLT side. A continuous wave (CW) laser at uplink wave-
length is allocated to each ONU for their uplink transmission.
During uplink transmission, an ONU initially encodes its
original information, and then Z extra zeros are introduced
into each of two adjoining data samples at up-sampling factor
Z + 1 for up-sampling.After data sampling, a digital shaping
filtering function is performed.Here, digital shaping filter
impulse response is accepted by selecting in-phase (I ) or
quadrature (Q) phase component as well as adjusting central
frequency fc, which are considered as [14]:

g(t) =

{
c (t) cos 2π fct (I − phase)
c (t) sin 2π fct (Q− phase)

(1)

where

c(t) =

sin
[

π(1−σ)tfDAC
Z

]
+

(
4σ tfDAC

Z

)
cos

[
π(1−σ)tfDAC

Z

]
π t
[
1 −

(
4σ tfDAC

Z

)2] fDAC
Z

(2)

where the factor σ controls the excessive bandwidth of the
filter, fDAC means the digital to analog converter (DAC) sam-
pling rate which theONU incorporates. The central frequency
fc is defined as [14]:

fc =
(2a− 1) fDAC

2Z + 2
aϵ (1, 2, 3, . . .) , a ≤

(
Z + 1
2

)
(3)

These operations are completed by the DSP module. Then
a DAC, a radio frequency (RF) amplifier and a modulator
are endorsed to module signals in upstream transmission.
These signals generated from the laser placed at ONU side
for different upstream wavelengths. Direct current (DC) bias
voltage of 2.3Vis employed to cancel out the phase drifts that
are evaluated utilizing the mach Zehnder modulator (MZM)
output intensities of the analytic signals. After this, being
integrated with other signals from other ONUs in ODN,
the optical signals are transferred to the OLT as depicted

FIGURE 1. Schematic of a hybrid TWDM-DFMA PON (a) ONU & ODN
sections, (b) OLT section, (c) setup of coherent receiver and
(d) distribution architecture.

in FIGURE 1(a). As per, the intended ONU, the data is
encoded and up-sampled followed by processing by digital
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shaping filters in DSP module. Then, all the uplink signals
are assembled. Then the signals are modulated into uplink
optical waves by a MZM with DC bias [14].

Further, the downlink transmission occurs on a distinct
downlink optical wavelength. At ONU side, the downlink
signals transfer to an optical coupler and a photo diode (PD)
considering shot noise. Later, after jointly transmitting the
signals to digital domain by PD, a RF amplifier and analog to
digital converter (ADC), the ONU could retrieve its downlink
data through formation of respective digital matching filter,
down-sampling and decoding process. Also, ODN section
consists of standard bidirectional SMF along with 1:n bidi-
rectional power splitters passive components [14].

Furthermore, 8:1 wavelength division multiplexing
(WDM) multiplexer and 1:8 WDM de-multiplexer are used
for downlink signals transmission and uplink signals recep-
tion respectively, at OLT side as presented in FIGURE 1(b).
An uplink receiver incorporates a coherent receiver with
LO laser to enables precise electrical carrier recovery as
well as symbol detection. After this, the collective signals
from the optical to digital domain are conveyed to the DSP
module. DSP module would join these signals and based on
the phase and fc parameters which the ONU acquires in the
shaping filtering technique and sets up a digital matching
filter having h(t) = g(−t) impulse response in accordance
to extract signals. The impulse eradicates the extra data
samples to recover the data by a decoder. Eventually, after
a down-sampling technique to mentioned which the data
sampling rates of ADC and DAC are set to be alike. Besides
this, the downstream channel consists of DSP module, bias,
laser and modulator to offers downstream signal [2], [14]

FIGURE 1(c) presents the forward end of coherent receiver
structure of the proposed system. From splitter, the received
optical signals are mixed with the laser LO which operates
at frequency offset of 15GHz with input laser at OLT and
10dBm output power. Polarization beam splitter (PBS) and
beam splitter (BS) are used to forward the received signals
from transmitter and LO respectively, to two 900 optical
hybrid components. In coherent receivers, these 900 opti-
cal hybrid components are used to demodulate the phase-
encoded signals. Then eight balanced PDs are employed
to convert the optical signals into electrical signals. Four
transimpedance amplifiers (TIAs) are employed to convert
the current output to equivalent output voltage. Finally, the
signals are digitalized through four ADCs and then processed
in DSP module [16].

The received optical signal for X polarization at front end
of coherent receiver is expressed as [16]:

Ex(t) = Px (t) exp[j(2π fct + ϕx(t))] (4)

where Px (t) and ϕx(t) mean modulated amplitude and
phase respectively. The signal from LO laser can be
expressed as [16]:

ELO(t) =
1

√
2

√
PLOexp[j(2π fLOt + ϕLO(t))] (5)

where PLO means LO laser optical power and that split into
two orthogonal polarized signals by a PBS. fLO and ϕLO rep-
resent the frequency and phase of LO laser, correspondingly.
After polarization, the balanced PD output is given as [16]:

X (t) = R
√
2PLOPx (t) sin[2π1ft + ϕx (t) − ϕLO] (6)

where1f = fc−fLOmeans frequency offset of LO and carrier
lasers. R is the responsivity of balanced PD. Thus, I and Q
sub-bands per wavelength are given as:

XI (t) =
1
2
R
√
2PLOPx (t) cos[ϕx (t) − ϕLO] (7)

and

XQ(t) =
1
2
R
√
2PLOPx (t) sin[ϕx (t) − ϕLO] (8)

Similarly, for Y polarization, I and Q sub-bands per wave-
length are given as:

YI (t) =
1
2
R
√
2PLOPY (t) cos[ϕY (t) − ϕLO] (9)

and

YQ(t) =
1
2
R
√
2PLOPY (t) sin[ϕY (t) − ϕLO] (10)

where PY and ϕY present mean modulated amplitude and
phase for Y polarization.

FIGURE 1(d) illustrates the fiber distribution architecture
of the proposed system. The bidirectional fiber leaving the
OLT is usually split, utilizing a 1:8 bidirectional power split-
ter for eight ONUs. Each ONU incorporates pre-assigned
downlink and unlink wavelengths in the system. Again, 1:n
splitter is used in each ONU to transmit the data traffic to ‘n’
number of users. Here, the splitter ranges from 1:8 to 1:64.

Although, in practical PONs, each ONU gets allocated a
time-slot in which it is permitted to transfer its data pack-
ets. By guarded synchronization of these time-slots, packets
collisions are avoided. As in PON, each ONU possess its
own transmission range and thus its own delay. Accordingly
due to the distinct range the path as well as exhibit distinct
losses. Therefore, at OLT the receiver has to deal with packets
coming with distinct intensity levels. It involves a fast clock
extraction as well as adaption of the threshold level per
packet. This is not a simple process, but can be implemented
in hybrid TWDM-DFMA PON at low cost, long-reach and
aggregate high data-rate. Moreover, achieving proper tim-
ing synchronisation among ONUs engaging the same signal
spectral region is important for the PON operation. In hybrid
TWDM-DFMA PON, after the digital filtering operation, for
each TWDM signal, the digital-domain time delay operation
in DFMA’s digital filter is performed. Digital-domain time
delay process is to synchronise distinct ONUs [1], [6].

Also, in conventional PONs, the asynchronous clock
schemes are employed, which results in the sampling fre-
quency offset (SFO) DAC as well as ADC. The SFO effects
induce inter-symbol interference, inter-carrier interference
and phase rotation. These effects causes severely degrade the
receiver’s performance in asynchronous discrete multi-tone
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systems. Out of several methods used in [5], [6], [7], [8],
[9], [10], [11], [12], [13], and [14], to effectively compensate
SFO, a hybrid TWDM-DFMA PON is the most effective
approach [1], [6].

Table 1 defines the various parameters used in the proposed
PON system.

TABLE 1. Parameters used.

FIGURE 2 presents the flowchart of the hybrid
TWDM-DFMA PON design. After designing the proposed
system for eight downlink and eight uplink channels, the
performance of the system is calculated for received optical
power (ROP), signal to noise ratio (SNR) and optical signal to
noise ratio (OSNR) at BER limit of 10−3. Themaximumfiber
length and highest number of connected ONUs are calculated
at BER limit along with energy consumption in the proposed
system.

III. RESULTS AND DISCUSSION
In this section, the results gotten from the proposed bidi-
rectional eight channels hybrid TWDM-DFMA PON system
design are depicted and discussed for both downstream as
well as upstream transmission considering 10−3 BER thresh-
old, in OptiSystemV.19 software.

FIGURE 3 illustrates the BER performance of hybrid
TWDM-DFMA PON system at 25Gbps per channel data
rate over 50km fiber distance for four downlink and four
uplink channels. The BER limit of 10−3 by dashed line
is as well displayed. It is depicted that CH1 (operating at
1596nm for downlink and 1527nm for uplink) in the system
offers best performance followed by CH3, CH5 and CH7
respectively. Theminimum acceptable received optical power
of <-19, <-19, −15 and -12dBm for CH1, CH3, CH5 and
CH7 respectively, is achieved at BER limit in uplink trans-
mission. Moreover, the minimum received power for CH1,
CH3, CH5 and CH7 in downlink transmission is−14,−13.5,
−12 and −11dBm respectively. Besides this, the measured
eye diagrams at −13dBm received power for CH1 in both in

FIGURE 2. Flowchart of the hybrid TWDM-DFMA PON design.

downlink as well as uplink direction, illustrates the successful
transmission of data traffic in the presence of channels noise
and interference. It is because of channel fading which results
in unwanted power leakage among eight channels, especially
in downlink.

Further, the system performance can be measured in terms
of SNR, gain (G) and noise figure (NF). SNR is the ratio of
amplitude of the required signal to the amplitude of noise
signals at BER limit of 10−3. SNR in terms of BER is written
as [17]:

BER =
1
2
erfc

(√
SNR
8

)
(11)

where erfc means complementary error function. Since
BER performance is proportional to erfc

√
SNR, thus higher

SNR value (in dB) results in better system performance.
Furthermore, SNR value deterioration between the input
and the output of the received signal represented as NF.
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FIGURE 3. Calculated BER vs. received optical power at symmetric
25Gbps data rate per channel over 50km transmission length for four
channels (CH1, CH3, CH5 and CH7) in both downlink as well as uplink
transmission direction in the system. Insets: corresponding eye patterns
at −13dBm received power for CH1 in downlink and uplink transmission.

It is represented as:

NoiseFigure (NF) = 10log10

(
SNRi
SNRo

)
dB (12)

where output and input SNR are represented as SNRi and
SNRo respectively. Lower the value of NF, better the system
performance. Also, system gain is defined as the ratio of
change in input to change in output. It is expressed as:

Gain = 10log10

(
OutputPower(Po)
InputPower(Pi)

)
dB (13)

Higher the gain, more susceptible the signal is to channel
interference and obstruction. Tables 2 and 3 depict the per-
formance measurement of proposed work for downlink and
uplink transmission respectively, for different channels.

TABLE 2. Performance analysis of TWDM-DFMA PON for downlink
transmission @ 10−3 BER.

From Tables, it is observed that uplink channels perform
better than downlink in terms of SNR, gain and noise figure.
The better performance in the uplink is due to the use of
a coherent receiver for uplink transmission in the proposed

TABLE 3. Performance analysis of TWDM-DFMA PON for unlink
transmission @ 10−3 BER.

system. It is also shown that CH1 shows better performance
than other channels in both downlink and uplink direction.

FIGURE 4. Calculated BER vs. fiber length at symmetric 25Gbps data rate
for four channels (CH1, CH3, CH5 and CH7) in both downlink and uplink
transmission of the system. Insets: corresponding eye patterns over
100km fiber length and at 10dBm power for CH1 in both downlink as well
as uplink transmission.

FIGURE 4 shows the influence of different downlink and
uplink channels (CH1, CH3, CH5 and CH7) and varied fiber
transmission lengths on BER in the hybrid TWDM-DFMA
PON system at 25Gbps per channel data rate. It is distin-
guished that with the fiber length increased, the BER perfor-
mance is becoming worse for both transmission directions.
The system performance of CH1 is better than other channels
over long distance for uplink transmission followed by down-
link, which is caused by more channels crosstalk in down-
link transmission channels. The maximum fiber distance
obtained for CH1, CH3, CH5 and CH7 is 150, 130, 120 and
110km respectively, for uplink transmission at acceptable
BER threshold of 10−3. Also, the faithful transmission dis-
tance in downlink transmission at BER threshold for CH1,
CH3, CH5 and CH7 is 100, 95, 80 and 70km respectively.

Besides this, FIGURE 4 presents the eye diagrams for CH1
in downlink and uplink directions over 100km fiber length at
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10dBm input power. It is seen that channel distortion is less
in uplink channel than downlink channel considering fiber
non-linearities, noise and interferences. Also, it is basically
occurs because the proposed design suffers the strongest
undesirable cross-talk among distinct downlink channels than
uplink ones.

Tables 4 and 5 present and validate the performance mea-
surement of proposed work for downlink and uplink trans-
mission, correspondingly for diverse fiber lengths.

TABLE 4. Performance analysis of TWDM-DFMA PON for downlink
transmission @ 10−3 BER for CH1.

TABLE 5. Performance analysis of TWDM-DFMA PON for
unlinktransmission @ 10 −3 BER for CH1.

FIGURE 5. Calculated BER vs. number of active ONUs at symmetric
25Gbps data rate for BtB, 50km, 100km and 200km fiber ranges in both
downlink and uplink transmission of the system for CH1. Insets:
corresponding eye patterns for 250 active ONUs for CH1 through BtB
downlink and uplink transmission links.

FIGURE 5 presents the relationship between number of
active ONUs and the BER of the symmetric 8 × 25Gbps

hybrid TWDM-DFMA PON for back-to-back, 50km, 100km
and 200km SMF lengths in both downlink as well as uplink
transmission channels. It is seen that the performance of the
system diminishes with the increase in number of ONUs in
terms of increase in respective BER. It is due to restricted
received power by power combiners and power splitters for
both downlink and uplink channels as well as fiber interfer-
ence and non-linearities. To obtain the performance of dis-
tinct ONUs, the back-to-back (BtB), the BER performance of
CH1 at downstream and upstream transmitters is measured.
For BtB channels in downlink as well as uplink transmission,
the highest number of ONUs offered by the proposed system
are 240 and 400 respectively. While, the highest number of
active ONUs supported over 50, 100 and 200km fiber ranges
are 190, 140 and 120 respectively, in downlink transmission
at BER threshold. Also, the number of active ONUs can be
increased upto 350, 300 and 250 over 50, 100 and 200km
fiber length for uplink transmission in the system. The eye
diagrams are obtained by BER analyzer for CH1 through BtB
link for uplink and downlink transmission.

The clear and open eye-diagrams have been measured for
upstream CH1 which support 250 number of ONUs in the
system. Tables 6 and 7 illustrate the performance measure-
ment of proposed work for downlink and uplink transmis-
sion respectively, for different no. of ONUs. Besides this,
Tables 8 and 9 present the performance measurement of the
system supporting 50 ONUs at BER limit for downlink and
uplink transmission respectively.

TABLE 6. Performance analysis of TWDM-DFMA PON for downlink
transmission @ 10 −3 BER for CH1.

TABLE 7. Performance analysis of TWDM-DFMA PON for unlink
transmission @ 10−3 BER for CH1.

FIGURE 6 illustrates the BER performance of system at
NRZ modulation at bit rate of 25Gbps per channel over
100km SMF for single downlink and single uplink channels
with and without DFMA. It is noted that channels incorpo-
rating DFMA in the system offers better performance than
without DFMA. The minimum received power for uplink
channel with and without using DFMA is −16 and −12dBm
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TABLE 8. Performance analysis of TWDM-DFMA PON for downlink
transmission @ 10−3 BER for 50 no. of ONUs.

TABLE 9. Performance analysis of TWDM-DFMA PON for unlink
transmission @ 10−3 BER for 50 no. of ONUs.

FIGURE 6. Calculated BER vs. received optical power at symmetric
25Gbps data rate over 100km transmission length for single channel in
both downlink and uplink transmission with and without DFMA.

respectively, at BER limit. While for downlink channels pro-
vides received power of−15.5dBmwith DFMA and−8dBm
without DFMA.Above all, the systemwith DFMAcan obtain
the 4dB uplink and 7.5dB downlink power budgets than the
case without DFMA. This power budget is basically provided
by the multiple access interference among different channels.

This is due to the reason that proposed hybrid
TWDM-PONwith DFMA implements shaping filters at OLT

with their respective matching filter at ONUs and thus the
distinct channels are modelled dynamically to share the SMF.
Besides this, the coherent receiver used in the proposed
system offers the high flexibility and scalability from Gbps
to Tbps per wavelength at a low cost per bit. It also compen-
sates polarization mode and chromatic dispersion using DSP
module [9].

TABLE 10. Performance analysis of TWDM-DFMA PON for downlink
transmission @ 10−3 BER.

TABLE 11. Performance analysis of TWDM-DFMA PON for uplink
transmission @ 10−3 BER.

From Tables 10 and 11, it is observed that uplink channels
perform better than downlink in terms of SNR, gain and noise
figure.

FIGURE 7 presents the OSNR performance w.r.t. uplink
and downlink channels over 100km transmission distance at
25Gbps per channel data rate.

It is depicted that that OSNR values minimized linearly
with increase in channels for both uplink and downlink
transmission channels. It causes owing to the existence of
fiber dispersion, attenuation, noise, non-linearities as well
as channels interference. As compared to TWDM-PON,
the proposed hybrid TWDM-DFMA PON offers signifi-
cant advantages like enhanced upstream transmission perfor-
mance, robustness against channel interference, and no extra
DSP required reducing the inter-carrier interference effects
distinct upstream ONU signals. Also, hybrid TWDM-DFMA
PON has superb upstream performance robustness opposed
to channel interferences, transmission system channel inter-
ferences and digital filter characteristic variations.

The highest obtained OSNR for uplink one, three, five
and seven channels is 91, 85, 78 and 75dB respectively at
BER limit of 10−3. Moreover, for downlink transmission
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FIGURE 7. OSNR performance of downlink and uplink channels in
proposed PON using DFMA.

offer maximum OSNR of 79dB for single, 78dB for three,
70dB for five and 65dB for seven channels. Therefore, the
proposed TWDM-DFMA PON offers long-reach and high
transmission rate successfully.

FIGURE 8. Calculated energy consumption and number of wavelengths
required in TWDM-PON and hybrid TWDM-DFMA PON w.r.t. load at RN.

FIGURE 8 illustrates the energy consumption (EC) at OLT
when the ONUs are clustered at the same wavelength as
per the distances still fulfilling the transmission rate of the
users. For that, the ONUs are meant to be distributed evenly
between 50 and 100km. Also, when all transceivers are on,
the 100% energy is consumed by the system. From figure it is
depicted that however TWDM-PON approach already saves
about 70% energy at low transmission rate. But with hybrid
TWDM-DFMA PON approach the energy consumption is

again reduced to 25% i.e., 75% energy saving at the OLT.
Since the power for cooling is generally the two times of
the system power applied. Thus, this saving also save power
at OLT for cooling as well as minimize operational cost
of the network provider. Moreover, it is shown that energy
consumption rises as the number of wavelengths used at the
OLT increases. Out of both systems, the proposed system
operating with less number of wavelengths offers better per-
formance in terms of more energy saving at high data rate
operating [18]. Again, Table 12 presents the comparative per-
formance analysis of the proposed work with other existing
work in terms of data rate and transmission distance.

TABLE 12. Comparative performance of the designed hybrid
TWDM-DFMA PON with existing systems.

It is noted that the hybrid TWDM-DFMA PON offers
maximum aggregate data rate of 200Gbps (=8 × 25Gbps)
and transmission distance of 150km.

IV. CONCLUSION
An 8×25Gbps hybrid TWDM-DFMA PON system has been
designed and investigated inOptiSystem simulation software.
The system performs better for uplink transmission than
downlink transmission. At acceptable BER, the minimum
power received is -19dBm for uplink channel at 1527nm and
–14dBm for downlink channel at 1596nm over a 50km trans-
mission range. The transmission range can be extended upto
150km and 100km for uplink and downlink transmission,
respectively. Also, the highest number of supported ONUs
by proposed system is 250 in uplink and 120 in downlink
transmission. Additionally, the proposed TWDM-PON sys-
tem with DFMA can enhance the uplink and downlink high
power budget of 4dB in comparison to the system without
DFMA, with a maximum OSNR of 91dB in uplink and 79dB
OSNR in downlink. It also saves more energy in the system
as compared to other systems. Moreover, compared with the
traditional PON systems, the TWDM-DFMA PON is more
flexible and energy efficient, offering a high data rate as well
as a long transmission range.

Thus, in future, the proposed design may be a significant
solution for high-speed, long-reach and cost-sensitive low
latency 5G based networks. It also has much potential for
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realizing future SDN-cloud access networks [4]. Moreover,
it offers superb robustness against transmission impairments
in fiber, considerable channel interference reductions and
unsophisticated backscattering as well as channel fading
effects [12].
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