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A highly reliable wavelength division multiplexing passive optical network architecture for the fifth generation (5G) ap-
plications is designed by combining a tree topology with a dual-fiber ring. While the tree topology ensures the transmis-
sion quality of the network, the dual-fiber ring topology allows one to achieve flexible switching between the nodes,
which aims to provide fault protection and network reliability. The signal transmission under the normal and three types
of protection modes are analyzed. The performance analysis verifies the feasibility of the proposed architecture.
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With the advent of the fifth generation (5G) era, large
bandwidth and low transmission delay have become of
great importance due to higher requirements for optical
networks! 2. Currently, the fiber direct connection, the
wavelength division multiplexing passive optical net-
work (WDM-PON), and the wavelength division multi-
plexing active optical network are the three major de-
ployment methods for the 5G fronthaul™. Among all the
candidates, WDM-PON is considered a promising solu-
tion*) due to the ability to achieve large capacity, effi-
cient spectrum utilization, simple system deployment,
relatively low costs, and high scalability for future net-
work implementations.

WDM-PON is mainly composed of an optical line
terminal (OLT), some remote nodes (RNs), some optical
network units (ONUs) and some fibers!®. Compared with
the time division multiplexed passive optical network,
there are three main advantages for WDM-PON. First, a
fixed bandwidth is occupied by each user without using
the dynamic bandwidth allocation algorithms. Second,
data packets are mapped to wavelength channels, making
WDM-PON transparent to various protocols and data
rates, which makes network management and protection
easier. Third, a specific wavelength is used by each ONU
during the upstream transmission, so no special medi-
um-access control (MAC) protocol is required, which
reduces system complexity and improves transmission
efficiency.

The most common WDM-PON architectures are based
either on tree topology'” or ring topology™. In the tree
topology, the OLT is connected to the RN through a
feeder fiber, and the RN is linked with an ONU through a
distributed fiber. The tree topology is easy to deploy and
possesses a low transmission delay. However, the main
problem is that fiber resources are easily wasted due to
redundant protection. In the ring topology, the OLT and
the RNs (or the ONUs) are connected into a ring, which
can transmit data in both directions, ensuring load bal-
ancing and high-performance transmission. Although the
ring topology is mature enough to provide fault protec-
tion and high reliability, the number of nodes and fiber
length upon transmission distance increase, which de-
creases the signal quality with rapidly increasing delay.
Currently, the mentioned topologies within the
WDM-PON-based 5G network architectures are em-
ployed separately without combining them.

Thus, considering the advantages and shortcomings of
the above topologies, this work is aimed at designing a
highly-reliable and low-latency WDM-PON-based net-
work architecture for SG purposes by combining the tree
topology with a dual-fiber ring. In normal mode, the
signal is transmitted through the tree topology to im-
prove signal quality and reduce transmission delay. The
dual-fiber ring structure can ensure that the communica-
tion is not interrupted when a failure occurs, which im-
proves the reliability of the network. To verify the feasi-
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bility of the proposed network architecture, the compara-
tive analysis of the transmission reliability and power
loss analysis is verified.

A schematic of the topology proposed in this paper is
shown in Fig.1. The OLT is connected to the RN through
a feeder fiber. Each RN and the corresponding ONU are
linked through a distributed fiber. All RNs are connected
by a dual-fiber ring. The signal is transmitted through the
tree topology in the normal mode, while the dual-fiber
ring is responsible for fault protection. When in protec-
tion mode, the downstream signals are transmitted
clockwise in the outer fiber while the upstream signals
are transmitted in a counterclockwise direction in the
inner fiber.

ONU e ONU

Fig.1 Schematic of the proposed topology, where la-
bels 1, 2, 3 represent the different fiber failures

The OLT is composed of » transmitters, n receivers
(RX), two arrayed waveguide gratings (AWGs), one er-
bium-doped fiber amplifier (EDFA), one circulator (Cir)
and one splitter, as depicted in Fig.2. The downstream
signals are generated by the transmitters, multiplexed by
the AWG, and amplified by the EDFA. After passing
through the Cir and splitter, they are sent to each RN
through the feeder fibers.

Fig.2 OLT structure

A schematic of the internal structure of the RN is il-
lustrated in Fig.3. The main components are seven Cirs,
five optical switches (OSs), one fiber Bragg grating
(FBG), one coupler (CP) and one AWG. The inner and
outer fibers are selected by switching the OSs.
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Fig.3 RN structure

In the normal mode, the upstream and downstream
signals are transmitted through a feeder fiber between the
OLT and the RN. The transmission of downstream and
upstream signals is displayed in Fig.4. Inside the RN, the
downstream signals alternatively pass through the Cirl,
OS3 and FBG. A part of the downstream signals is re-
flected by FBG"!, demultiplexed by the AWG, and sent
to the appropriate ONU.

081 [{%

downstream
signalsCirl

upstream |
signals -

Fig.4 Normal mode

In the ONU, one part of the downstream signals is re-
ceived by the receiver, whereas another enters the reflec-
tive semiconductor amplifier (RSOA) for erasing the
downstream signal by gain saturation and implementing
the upstream signal modulation!'”. After that, the up-
stream signals are multiplexed by the AWG and pass
alternatively through the Cir3, CP, OS4, and Cirl. Finally,
the upstream signals enter the OLT through a feeder fiber
to be received by the receivers in the OLT.

The transmission link of the downstream signals is as
follows: OLT—Cirl ~0OS3—Cir2—~FBG— Cir2—Cir3
—AWG—ONU, while that of the upstream signals can
be written as: ONU—~AWG—Cir3—~CP—0S4—Cirl —~
OLT.

In the proposed topology, there are three kinds of fiber
failure considered, namely the feeder fiber failure, the
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outer fiber and feeder fiber failure, and the inner fiber
and feeder fiber failure. By changing the connection state
of the OS1, OS2, OS3, 0S4 of the faulty RN and the
OS5, OS6 of the adjacent RN, the downstream signals
and upstream signals can be transmitted through the du-
al-ring fiber. The corresponding transmission is depicted
in Tab.1, where the links in the parentheses represent the
transmission of signals in the adjacent RN.

Tab.1 The transmission link of the downstream sig-
nals and upstream signals

Downstream signals transmis- Upstream signals trans-

Failure type . .
sion mission
OLT—(Cirl—0S83—Cir2— ONU—AWG—Cir3—
Feeder fiber FBGﬁOS6HCi‘r5)H Cir7— CPﬁ-OS4HOSIﬁCir6
082—0S3—Ci2—FBG—  —(Cir4d—0S5—CP—
Cir2—Cir3—>AWG—ONU 0S4—Cirl)—OLT
OLT—(Cirl—0S3—Cir2— ONU—AWG—Cir3—
Outer fiber . . .
and feeder FBG—>OS6—>C%r4)—>C1r6—> CP—>QS4—>OSI—>C1r6
fiber 0S2—083—Cir2—FBG—  —(Cir4—0S5—CP—
Cir2—Cir3—AWG—ONU 0S4—Cirl)>OLT
Inner fiber OLTH(CirlH(I)S3HCi.r2H ONUHAWGHCir3.H
and feeder FBGHOSGHC%rS)HQﬂH CP*’QS4HOSIHCH7
fiber 0S2—083—Cir2—FBG—  —(Cir5—0S5—CP—

Cir2—Cir3—AWG—ONU 0S4—Cirl)>OLT

Reliability is an important factor that should be con-
sidered when designing network architecture. It depends
on the appliance manufacture and service time of optical
components. The normal mode and the protection mode
are established to evaluate the reliability of the architec-
ture designed.

In the normal mode, the reliability model of each
branch can be described by a sum of the unreliability
parameters of the tree-type network components:

Unorma=Ucot UcorntUrnt Usibert Uonus (1)
where U,oma denotes the branch unreliability (since
branches are independent of each other, this parameter is
equal for all of them), Uco represents the unreliability of
the OLT, Ucorn denotes the unreliability of a segment
from the OLT to the RN, and Uy, denotes the unrelia-
bility of a fiber. Ury and Ugyny refer to the unreliability of
the RN and the ONU units.

In the case of x RNs and y ONUEs, the unreliability of
the normal mode is expressed as

U::r?:ml =Uco+ 3(Uco_pnt Urn) + YUyt Uonyy) - (2)

Since RNs in our topology are connected by a du-
al-fiber ring that serves as parallel links, these cannot be
considered as independent in protection mode. Hence the

system transmission interrupts only when all the RNs fail.

According to the analysis above, the unreliability of the
protection mode can be described by
Upro=UcotUco-rntUrntUsivert Uonu, (3)
where Ucorn represents the unreliability of a segment
between the OLT and RN in the protection mode. If there
are x RNs in the topology, Uco.rn can be expressed as

Ucorn' =Ucorn {U;{N1+ Uco_rn [U£<Nz+ Ucorn (-1} (4)
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Then Eq.(3) can be rewritten as

Upro =Ug+ Ul'{Nl M + Uéoka +
CO-RN
URN + Uﬁber + UONU s (5)

where U'rn; refers to the unreliability of the RN when in
protection mode. According to Eq.(5), the unreliability of
each link in the proposed topology is related to the num-
ber of RNs. The higher is the number of RNs, the more
links can be chosen by the signal and the lower is the
unreliability of each link.

When there are x RNs and y ONUs in the proposed
topology, the unreliability takes the form:

otal ! U — - Ux — X
U;r:) ' = Uco+ x(Ugny —-RL__CORE ¢ UcorntUrn) +
1- Ucoka
Y(Ugper +Uony) - (6)
A comparison of Egs.(6) and (2) reveals the difference

between the reliabilities calculated for the two modes.
Thus, subtracting Eq.(6) from Eq.(2) results in:

x

. Ucorn™
AU x(UCO—RN_URNM+Ux )=

total — CO-RN
1- UCO—RN

x( (1 - Ul/{N - UCO—RN )(Ucoka - UCXD,RN )) . (7)
1- UCO—RN

Since Ugory and U'ry are far less than 1, hence AU,y,>0,
indicating that the reliability of the protection mode is
better than that of the normal mode.

The unreliability data and the representing symbol of
conventional optical components are shown in Tab.2.
According to Tab.2, the unreliability of Uco, Urn, U'rn
and Uco.ry 18:

Uco=Uorr+UgpratUcirtUsy, (3
Urn=2%Uor1+Uost+UrpctUawa, 9
Ul’{N =3xUg;+3xUps+ Uppg+ Uleber s (10)
Uco-rv=Usiper ™ Ucir. (11)

Tab.2 Unreliability data for conventional optical
components

Component  Symbol  Unreliability (Failure/10° h)  References
OLT Uorr 5.12x107 [11]
EDFA Uspra 4x107 [11]
Coupler Ucp 4x10°® [11]
0S Uos 4x107 [11]
ONU Uonu 5.12x107 [11]

Circulator Ucic 2x107 [11]
AWG Uawe 4.8x10° [12]
Fiber Usber 2.4x107/km [11]
FBG Ursg 2.4x107 [12]
Splitter Us, 4x10°® [11]

Assuming the distance between the OLT and the RN,
the distance between RNs themselves and that between
the RN and the ONU are as long as 5 km. The unreliabil-
ity as a function of x and y for the two topologies is
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shown in Figs.5 and 6. As seen, the unreliability factor
follows the same trend for both topologies: the number
of optical components increases with the increasing
number of RNs and ONUs, thus enhancing the total un-
reliability. Meanwhile, the unreliability of our topology
under the same conditions is found to be inferior to that
of the common tree topology, as illustrated in Fig.7. This
means that applying the proposed WDM-PON-based
network topology allows one to improve network ro-
bustness.

Normal Mode
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Fig.5 Unreliability of the normal mode
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Fig.6 Unreliability of the protection mode
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Fig.7 Unreliability as a function of the number of RNs
and ONUs for the normal mode and protection mode
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in this network

Link loss is an important factor to influence the scale
of a network. In this section, the power budget is dis-
cussed. According to the operation principle of the net-
work, if there are n RNs in the network and only one of
the feeder fibers works normally, the ONUs connected to
the RN adjacent to the normal feeder fiber have the
maximal loss. Lo is defined as representing the link loss
of the special ONU. Pr, G, Ly and P, denote the output
power of the transmitter, the gain of EDFA, the power
redundancy of the system, and the receiver sensitivity. d
represents the distance between the RN and the ONU, or
OLT and RN, or the adjacent RNs, and is assumed to be
5 km. The insertion loss and the representing symbol of
optical components are shown in Tab.3. Thus,

Lo=2Lawgt2LsptLeirtd*apH(n—2)%Logt

n*X(3Lcirt2LostLrpgTd*%ar). (12)
According to Tab.3, Ly can be rewritten as
Lo=12.5+7.5n. (13)

The power budget of downstream signals must meet the
following inequality:

PrtG—Lo—L\>P,, (14)
where one can assume that Pr=1 dBm, Ly=3 dB and
P=-30 dBm. After substituting Eq.(13) into Eq.(14), the
inequality about 7 and G can be expressed as

n<(15.5+G)/1.5. (15)
Tab.3 Insertion loss of optical components
Components  Symbol Insertion loss (dB)  References

AWG Lawe 3 [12]
Coupler Lep 0.5 [11]
(N Los 0.5 [11]
Circulator Lcir 0.5 [11]
Fiber oF 0.2 dB/km [11]
FBG Lepg 35 [12]
Splitter Lsy 3 [11]

Fig.8 shows that the relation between # and G is linear.
When G=0, n=2, which means that the network can still
support two RNs even if there is no EDFA in the OLT.

The upstream signals transmission paths are almost the
same like that of the downstream signals, and the output
saturation power of the RSOAs is approximately
3 dBm!"! so that the power loss of the upstream signals
is similar to that of the downstream signals.

" The num of RNs vs. The gain of EDFA

T

The number of RNs
© IS & >

~N

10 ; 1‘0 1‘5 2‘0 25 3‘0 :;5 4‘0
The gain of EDFA (dB)
Fig.8 The relation between the number of RNs n and

the gain of EDFA G
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A highly reliable wavelength division multiplexing

passive optical network architecture was designed for 5G
applications. In that architecture, the tree topology was
combined with a dual-fiber ring to provide fault protec-
tion and to ensure the network reliability. The authentic-
ity of the proposed network architecture was proved via a
comparative analysis of the transmission reliability in the
normal and fault protection modes, and the power loss
analysis proves the feasibility of the proposed network.
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