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a b s t r a c t

Ethernet Passive Optical Network (EPON) has been widely considered as a promising
technology for implementing the FTTx solutions to the ‘‘last mile’’ bandwidth bottleneck
problem. Bandwidth allocation is one of the critical issues in the design of EPON systems. In
an EPON system,multiple optical network units (ONUs) share a common upstream channel
for data transmission. To efficiently utilize the limited bandwidth of the upstream channel,
an EPON systemmust dynamically allocate the upstreambandwidth amongmultiple ONUs
based on the instantaneous bandwidth demands and quality of service requirements of
end users. This paper introduces the fundamental concepts on EPONs, discusses the major
issues related to bandwidth allocation in EPON systems, and presents a survey of the state-
of-the-art dynamic bandwidth allocation (DBA) algorithms for EPONs.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

With the deployment of fiber optic technology over the
past decade, the telecommunication infrastructure has ex-
perienced a tremendous growth in the bandwidth capacity
of its backbone networks. This began with the wide area
networks (WANs) that provide connectivity between cities
through the metropolitan area networks (MANs) that con-
nect service providers’ central offices. However, subscriber
access networks, which cover the ‘‘last mile’’ areas, and
serve numerous residential and small business or organi-
zation users, have not been scaled up commensurately. The
local subscriber lines for telephone and cable television are
still using twisted pairs and coaxial cables. Many residen-
tial connections to the Internet are still through dial-up
modems operating at a low speed on twisted pairs. With
the ever-increasing users’ demands for various broadband
applications, such as Internet telephony, high-definition
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television (HDTV), interactive games, and video on de-
mand, the ‘‘last mile’’ segment has become a bandwidth
bottleneck in today’s telecommunications infrastructure,
which has largely limited the development of broadband
services to subscriber users [1]. Although recent deploy-
ment of innovative xDSL and CaTV technologies has sig-
nificantly upgraded this segment, they are still insufficient
for meeting the ever-increasing bandwidth demand of
subscriber users. To alleviate this bottleneck, fiber to the
home/curb/building (FTTH/FTTC/FTTB) technologies have
been long envisioned as a preferred solution, and passive
optical networks (PONs) have been widely considered as a
promising technology for implementing various FTTx solu-
tions.
As one of the promising solutions, Ethernet Passive

Optical Network (EPON) has received great attention
from both industry and academia in recent years. EPON
combines low-cost Ethernet equipment and low-cost
passive optical components and thus has a number of
advantages over traditional access networks, such as larger
bandwidth capacity, longer operating distance, lower
equipment and maintenance cost, and easier update to
higher bit rates [2]. In an EPON system, all Optical Network

http://www.elsevier.com/locate/osn
http://www.elsevier.com/locate/osn
mailto:jzheng@ieee.org
http://dx.doi.org/10.1016/j.osn.2009.03.003


152 J. Zheng, H.T. Mouftah / Optical Switching and Networking 6 (2009) 151–162
Units (ONUs) share a common upstream transmission
medium with limited bandwidth. To efficiently utilize
the limited upstream bandwidth, an EPON system must
employ a medium access control (MAC) mechanism to
arbitrate the access to the shared medium in order to
avoid data collisions in the upstream direction. For this
purpose, bandwidth allocation becomes one of the critical
issues in the design of an EPON system and a variety
of bandwidth allocation algorithms have been proposed
in the literature. The purpose of this paper is to give an
introduction of the major issues in bandwidth allocation
for EPON systems and present a survey of the state-of-
the-art dynamic bandwidth allocation (DBA) algorithms
proposed for EPONs.
The remainder of the paper is organized as follows. In

Section 2, we introduce EPON architectures and discuss
related issues. In Section 3, we discuss the major issues
related to bandwidth allocation in EPON systems. In
Section 4, we present a survey of the state-of-the-art
dynamic bandwidth allocation (DBA) algorithms for EPON
systems. In Section 5, we conclude this paper.

2. EPON architectures

In this section, we introduce EPON architectures, and
discuss the channel separation and multiple access issues
in EPON systems.

2.1. Network architectures

An EPON system is a point-to-multipoint fiber optical
network with no active elements in the transmission path
from its source, i.e., an optical line terminal (OLT), to a
destination, i.e., an optical network unit (ONU). It can
use different multipoint topologies, such as bus, ring, and
tree [2], and different network architectures [2–5]. The
most typical EPON architecture is based on a tree topology
and consists of an OLT, a 1:N passive star coupler (or
splitter/combiner), and multiple ONUs, as shown in Fig. 1.
The OLT resides in a central office (CO) that connects the
access network to ametropolitan area network (MAN) or a
wide area network (WAN), and is connected to the passive
star coupler through a singe optical fiber. Each ONU is
located either at curbs or at subscriber premises, and is
connected to the passive coupler through a dedicated short
optical fiber. The distance between the OLT and each ONU
typically ranges from 10 to 20 km. In an EPON system,
all transmissions are performed between the OLT and the
ONUs. In the downstream direction, an EPON is a point-
to-multipoint network, in which the OLT broadcasts data
to each ONU through the 1:N splitter, where N is typically
between 4 and 64. Each ONU extracts the data destined
for it based on its media access control (MAC) address. In
the upstream direction, an EPON is a multipoint-to-point
network, in which multiple ONUs transmit data to the OLT
through the 1 : N passive combiner. The line data rate
from an ONU to the OLT and the user access rate from a
user to an ONU do not necessarily have to be equal and the
line data rate is usually much higher than the user access
rate. Since all ONUs share the same upstream transmission
medium with limited bandwidth, an EPON system must
OLT 

ONU 1

ONU 2
1:N splitter/  
combiner   

Users 

MAN/ WAN

CO

...

ONU N

Fig. 1. EPON architecture.
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Fig. 2. Two-stage EPON architecture.

employ a MAC mechanism to arbitrate the access to the
shared medium in order to avoid data collisions in the
upstreamdirection and thus efficiently share the upstream
transmission bandwidth among all ONUs.
In [5], Shami et al. proposed a cascaded two-stage ar-

chitecture for an EPON, which introduces an intermedi-
ate level of ONU nodes (called sub-OLT) to the network, as
shown in Fig. 2. This architecture allows more end users
to share the upstream OLT bandwidth without incurring
extra overhead for switch-over between end users. It also
enables longer access reach/distances than the usual 25 km
because the intermediate sub-OLT nodes add another level
of electrical generation. Moreover, the introduction of an
intermediate stage can help reduce theOLT hardware com-
plexity significantly.

2.2. Channel separation

In an EPON system, the upstream and downstream
transmission channels should be appropriately separated
in order to increase the transmission efficiency. A simple
solution is to use space division multiplexing, where two
separate optical fibers and passive couplers are used, one
for upstream transmission and the other for downstream
transmission. A more cost-effective solution is to use a
single coupler and a single fiber for both directions with
one wavelength for upstream transmission and another
for downstream transmission. Typically, a 1550 nm wave-
length is used for downstream transmission and a 1310 nm
wavelength is used for upstream transmission [2].

2.3. Multiple access

In the upstream direction of an EPON system, multiple
ONUs transmit data packets to the OLT through a common
passive combiner and share the same optical fiber from
the combiner to the OLT. Due to the directional property
of a passive combiner, data packets from an ONU can only
reach the OLT but not the other ONUs. For this reason,
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conventional contention-based multiple access, e.g., the
carrier sense multiple access with collision detection
(CSMA/CD) protocol, is difficult to implement because the
ONUs are unable to easily detect a collision that may occur
at the OLT. Although the OLT is able to detect a collision
and inform the ONUs by sending a collision message,
the transmission efficiency would be largely reduced
because of considerable propagation delay between the
OLT and the ONUs. To address this problem, an optical
looping-back technique was proposed in [6] to achieve
high channel efficiency with CSMA/CD. With this looping-
back technique, a portion of the upstream signal power
transmitted by each ONU is looped back to the other
ONUs at the star coupler by using a 3 × N coupler and
connecting two ports of the coupler together through
an isolator, as shown in Fig. 3. If two or more ONUs
transmit data simultaneously, collisions will be detected
at each ONU and all data transmissions will be stopped
immediately. The optical CSMA/CD protocol is applied to
all upstream transmissions [7]. The OLT will receive the
data packets transmitted by each ONU and will discard
those packets with collisions. However, to implement
the optical CSMA/CD protocol, each ONU has to use an
additional receiver operating at the upstream wavelength
and a carrier sensing circuit, which would largely increase
the network cost. On the other hand, contention-based
multiple access is unable to provide guaranteed bandwidth
to each ONU and thus is difficult to support any form of
quality of service (QoS). For these reasons, contention-
based multiple access is currently not a preferred solution
to the upstream multiple access.
Another possible solution is to use wavelength division

multiplexing (WDM) technology and allow each ONU
to operate at a different wavelength, thus avoiding
interference with the transmissions of the other ONUs. An
EPON using such WDM technology is called WDM EPON.
It requires either a tunable receiver or a receiver array
at the OLT to receive the data transmitted in multiple
channels. In particular, it also requires each ONU to use
a fixed transmitter operating at a different wavelength,
which would result in an inventory problem. Although
the inventory problem can be solved by using tunable
transmitters, such devices are costly, making the solution
not cost-effective.
Comparedwith CSMA/CD andWDM, time divisionmul-

tiplexing (TDM) on a single wavelength is more attractive
for upstream transmission in an EPON system. With TDM,
each ONU is allocated a timeslot or transmission window
for data transmission, which is performed by the OLT. Each
timeslot is capable of carrying several Ethernet packets.
Packets received from one or more users are buffered in
an ONU until the timeslot for that ONU arrives. Upon the
arrival of its timeslot, the ONU will send out its buffered
packets at the full transmission rate of the upstream chan-
nel. Accordingly, TDM avoids data collisions from different
ONUs. Moreover, it requires only a single wavelength for
all ONU transmissions and a single transceiver at the OLT,
which is highly cost-effective. This paper focuses on band-
width allocation in TDM EPONs.

3. Bandwidth management in EPONS

In this section, we discuss the major issues that are
related to bandwidth management in EPON systems. As
mentioned in the previous section, an EPON system typi-
cally employs TDM for data transmission in the upstream
direction. For this reason, bandwidth management be-
comes critical for efficiently utilizing the bandwidth of the
shared upstream wavelength. Usually, bandwidth man-
agement involves twomain issues: bandwidth negotiation
and bandwidth allocation, which are discussed below.

3.1. Bandwidth negotiation

Bandwidth negotiation is to exchange information
between the OLT and each ONU in order for each ONU
to report its bandwidth demand to the OLT and for the
OLT to send its bandwidth allocation decision to each
ONU. For this purpose, IEEE 802.3ah defines a multipoint
control protocol (MPCP) to support bandwidth negotiation
between the OLT and ONUs in EPON, including two
64-bytes MAC control messages: REPORT and GATE. The
REPORT message is generated by each ONU to report its
queue status to the OLT. The OLT allocates bandwidth
for each ONU based on the queue status information
contained in the received REPORT message, and uses the
GATE message to deliver its bandwidth allocation decision
to each ONU.
One way to deliver the bandwidth request or REPORT

message is to dedicate a very short timeslot in the
upstream channel. This requires twice laser on/off for one
upstream transmission from each ONU. Another way is
to piggyback the bandwidth request or REPORT message
at the end of a data timeslot, which reduces laser on/off
times into one per transmission for each ONU, and thus
reduces the physical-layer power overhead and the inter-
frame guard [8].

3.2. Bandwidth allocation

To allocate bandwidth (or a timeslot) for each ONU, the
OLT needs to perform a bandwidth allocation algorithm
based on the bandwidth requests from each ONU as well
as some allocation policy and/or service level agreement
(SLA). In this context, there aremany bandwidth allocation
algorithms proposed in the literature, which can be
classified into two broad categories: static bandwidth
allocation (SBA) and dynamic bandwidth allocation (DBA).
With SBA, each ONU is allocated a timeslot with a fixed
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length, which does not require bandwidth negotiation
and is thus simple to implement. However, due to the
bursty nature of the network traffic, it may result in a
situation in which some timeslots are overflowed even
under very light load, causing packets being delayed
for several timeslots, while other timeslots are not
fully used even under very heavy traffic, leading to
the upstream bandwidth being underutilized. For this
reason, static allocation is not preferred. To increase
bandwidth utilization, the OLTmust dynamically allocate a
variable timeslot to each ONU based on the instantaneous
bandwidth demand of the ONUs. To implement DBA,
polling has been widely used [9]. With polling, the OLT can
dynamically allocate bandwidth for each ONU and flexibly
arbitrate the transmissions of multiple ONUs, which can
significantly increase bandwidth utilization and improve
network performance.

3.3. Multipoint Control Protocol (MPCP)

MPCP [10] is a signaling protocol for facilitating dy-
namic bandwidth allocation and arbitrating the transmis-
sions of multiple ONUs in an EPON system. It resides at the
MAC control layer and has two operation modes: normal
mode and auto-discoverymode. In thenormalmode,MPCP
relies on two Ethernet controlmessages,GATE and REPORT,
to allocate bandwidth to each ONU. The GATE message is
used by the OLT to allocate a transmission window to an
ONU. The REPORT message is used by an ONU to report its
local conditions to theOLT. In the auto-discoverymode, the
protocol relies on three control messages, REGISTER, REG-
ISTER_REQUEST, and REGISTER_ACK, which are used to dis-
cover and register a newly connected ONU, and to collect
relevant information about that ONU, such as the round-
trip delay and MAC address.
In its normal operation, MPCP in the OLT gets a request

from the higher MAC client layer to transmit a GATE
message to a particular ONU. Upon getting such a request,
MPCP will timestamp the GATE message with its local
time and then send the message to the ONU. The GATE
message typically contains a granted start time, a granted
transmission window, and a 4-byte timestamp, which is
used to calculate the round-trip time between the OLT
and the ONU. Once the ONU receives the GATE message,
it programs its local register with the values contained
in the GATE message. Meanwhile, it also updates its local
clock to that of the timestamp extracted from the received
GATE message in order to maintain synchronization with
the OLT. At the granted start time, the ONU will start to
transmit data for up to the window size. The transmission
may include multiple data packets, depending on the
window size and the queue length in the ONU. No packet
fragmentation is allowed during the transmission. If the
next packet cannot be transmitted in the current window,
it will be deferred to the next window.
A REPORT message is sent by an ONU in the allocated

transmission window together with a data packet. It can
be transmitted automatically or on demand either at the
start or at the end of a window. A REPORT is generated
at the MAC client layer and is timestamped at the MAC
layer. It typically contains the bandwidth demand of an
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Fig. 4. A flow of GATE and REPORT messages.

ONU based on the instantaneous queue length of that
ONU. The ONU should also account for additional overhead
in its request, including a 64-bit frame preamble and a
96-bit inter-frame gap associated with each Ethernet
packet. Once a REPORT message is received by the OLT,
it is passed to the MAC client layer, which is responsible
for bandwidth allocation and recalculation of the round-
trip delay to the source ONU. Fig. 4 illustrates a flow of
GATE (G) messages and REPORT (R) messages for upstream
transmission of three ONUs.
It should be pointed out that MPCP is not concerned

with any particular bandwidth allocation scheme and
transmission scheduling algorithm, and allows them to
be vendor-specific. To design an efficient polling protocol
based on MPCP, several problems must be considered,
including maximum bandwidth limit, channel utilization,
and packet scheduling.

3.4. Maximum bandwidth limitation

A polling protocol typically operates on a cycle-based
basis. In each polling cycle, each ONU is polled once and is
allocated a transmission window based on its bandwidth
demand. If the OLT allows each ONU to send all its
buffered packets in one transmission, ONUs with high
traffic load may monopolize the entire bandwidth of the
upstream channel. This is unfair to those ONUs with low
traffic load. To address this problem, the OLT should limit
the maximum transmission bandwidth of each ONU. The
maximum window size can be either fixed based on some
criterion, such as a SLA, or variable based on instantaneous
network conditions. Under high traffic load, the maximum
window size determines the maximum polling cycle. In
general, making the maximum polling cycle too long will
result in larger delay for all packets under high traffic load,
including those high-priority packets. On the other hand,
making the maximum cycle too short will result in more
bandwidth being wasted by inter-frame gaps (or guard
times). Accordingly, themaximumwindow size has a great
impact on network performance.
While the maximum window size imposes a limit

on the maximum bandwidth that can be allocated to
each ONU in each polling cycle, it is also the guaranteed
bandwidth available to each ONU. In fact, only when
all other ONUs use all their available bandwidth will an
ONU be limited to its guaranteed bandwidth. If any ONU
requests less bandwidth, it will be allocated a smaller
window size, making the polling cycle shorter and thus
increasing the actual bandwidth available to all other
ONUs.
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3.5. Polling strategies

A polling protocol can poll multiple ONUs for data
transmission based on different strategies [11]. A simple
strategy, called poll-and-stop polling, is to send a GATE
message to an ONU and then stop for the data and REPORT
message to come back from that ONU before the OLT sends
a GATE message to the next ONU, as shown in Fig. 5(a).
Obviously, this protocol wastes a lot of bandwidth on the
upstream channel, which would largely reduce channel
utilization and increase packet delay.
A more efficient strategy is to use the interleaved

polling [9], which allows the OLT to send a GATE message
to the next ONU before the data and REPORT message(s)
from the previous polled ONU(s) arrive, as shown in
Fig. 5(b). This is feasible because the upstream channel and
downstream channel are separated, and the OLTmaintains
relevant information about each ONU in a polling table,
including the bandwidth demand of each ONU and
the round-trip time to each ONU. The results obtained
in [9] indicate that the interleaved polling protocol can
significantly improve the network performance in terms
of channel utilization and average packet delay. However,
this protocol allows the OLT to allocate bandwidth only
based on those already received bandwidth demands. The
OLT is unable to take into account the bandwidth demands
of all ONUs and make a more intelligent decision on
bandwidth allocation.
An effective way to overcome this shortcoming is to

use a variation of the interleaved polling, called interleaved
pollingwith stop. Like the interleaved polling, this protocol
allows the OLT to send a GATE message to the next
ONU before the transmission and REPORT message(s) from
the previous polled ONU(s) arrive. Unlike the interleaved
polling, the OLT does not start the next polling cycle before
the transmissions and REPORT messages from all ONUs
are received. This allows the OLT to perform bandwidth
allocation based on the bandwidth demands of all ONUs
at the end of each polling cycle and thus make a more
intelligent decision. However, such intelligence is obtained
at the cost of upstream channel utilization because the
upstream channel is not utilized from the instant the
transmission of the last polled ONU in the previous cycle is
completed to the instant the transmission of the first polled
ONU in the next cycle starts. Fig. 5(c) illustrates an example
of the control message flows with the interleaved-polling-
with-stop protocol.

3.6. Transmission scheduling

To ensure efficient transmission, a polling protocol
must schedule the transmissions of multiple ONUs in
a manner that avoids data collisions from different
ONUs [11]. This is not difficult to implement because
such scheduling is based on the granted window size and
the round-trip time to each ONU. Since the OLT knows
the granted window size and the round-trip time to the
last polled ONU, it can calculate the transmission start
time and window size for the next ONU. Note that to
allow the receiver in the OLT to prepare for receiving the
transmissions a minimum gap or guard time is usually
required between the transmissions of different ONUs.
On the other hand, the OLT must also be responsible

for scheduling the transmission order of different ONUs,
which may have a great impact on network performance.
This is not difficult to implement because the order
of the transmissions is usually determined one cycle
ahead by performing a scheduling algorithm. The most
widely-used scheduling algorithm is round-robin (RR),
which has been adopted by many polling protocols. RR
schedules the transmissions of different ONUs in the order
of their indexes in the polling table and is simple to
implement. However, it does not take into account the
instantaneous traffic conditions at each ONU and thus
may not be able to provide the best performance in
terms of packet delay and data loss. To improve network
performance, it is desirable to use an adaptive scheduling
algorithm that can dynamically schedule the order of
different ONU transmissions based on the instantaneous
traffic conditions at each ONU. For example, an adaptive
scheduling algorithm can schedule the ONU transmissions
in a descending order of the instantaneous queue length
of each ONU, i.e., the longest queue first (LQF), or
in an ascending order of the arrival time of the first
packet queuing in each ONU, i.e., the earliest packet first
(EPF) [12].

3.7. Quality of service provisioning

An EPON system is expected to deliver not only best-
effort data traffic, but also real-time data traffic (e.g.,
voice and video) that have strict bandwidth, packet
delay, and delay jitter requirements. To meet the service
requirements of different end users, an EPON systemmust
consider differentiated QoS provisioning.
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3.7.1. Priority queuing
Priority queuing is an effective way to support differ-

entiated QoS [11]. With priority queuing, network traf-
fic is classified into a set of classes with diverse QoS
requirements and for each traffic class a priority queue is
maintained at each ONU. Fig. 6 illustrates an example of
priority queuing, in which an ONU maintains three prior-
ity queues that share the samememory buffer of fixed size.
Data packets from end users are first classified by checking
the type-of-service (ToS) field of the IP packets encapsu-
lated in the Ethernet packets and then buffered in corre-
sponding priority queues. If a higher-priority packet finds
the buffer full at the time of its arrival, it can preempt
a lower-priority packet. If a lower-priority packet arrives
and finds the buffer full, it will be dropped. As a result,
lower-priority traffic may experience very high packet loss
and even resource starvation. To address this problem, an
ONUshould performsomekind of traffic policing to control
the amount of higher-priority traffic from each end user.

3.7.2. ONU scheduling
To support differentiated QoS, there are two ONU

scheduling paradigms: inter-ONU scheduling and intra-
ONU scheduling [11]. Inter-ONU scheduling is responsi-
ble for arbitrating the transmissions of different ONUs,
and intra-ONU scheduling is responsible for arbitrating the
transmissions of different priority queues in each ONU.
There are two strategies to implement these two schedul-
ing paradigms. One is to allow the OLT to perform both
inter-ONU scheduling and intra-ONU scheduling. In this
case, the OLT is the only device that arbitrates the up-
stream transmissions. Each ONU can request the OLT to al-
locate bandwidth for each traffic class. For this purpose,
an ONU must report the status of its individual priority
queues to the OLT through REPORT messages. MPCP speci-
fies that eachONUcan report the status of up to eight prior-
ity queues [10]. The OLT can then generatemultiple grants,
each for a specific traffic class, to be sent to the ONUusing a
singleGATEmessage. The format of the 64-byteMPCPGATE
message can be found in [10].
The other strategy is to allow the OLT to perform

inter-ONU scheduling whereas to allow each ONU to
perform intra-ONU scheduling. In this case, each ONU
requests the OLT to allocate bandwidth for it based
on its buffer occupancy status. The OLT only allocates
the requested bandwidth to each ONU. Each ONU will
divide the allocated bandwidth among different classes of
services based on their QoS requirements and schedule
the transmissions of different priority queues within the
allocated bandwidth. For intra-ONU scheduling, there
are two types of scheduling paradigms: strict priority
scheduling and non-strict priority scheduling. In strict
priority scheduling, a lower-priority queue is scheduled
only if all queueswithhigher priority are empty. Obviously,
this will potentially result in infinite packet delay and
high packet loss for low-priority traffic. In non-strict
priority scheduling, only those packets that were reported
are transmitted first as long as they can be transmitted
within the allocated timeslot. The transmission order of
different priority queues is based on their priorities. If
the packets that were reported are all scheduled and
the current timeslot can still accommodate more packets,
those newly arriving packets that were not reported are
also transmitted based on their priorities. As a result, all
traffic classes can have access to the upstream channel
within the allocated timeslot as reported to the OLT while
their priorities are maintained, which ensures fairness in
scheduling.

4. Dynamic bandwidth allocation algorithms for EPONS

In this section, we present a survey of the state-of-the-
art DBA algorithms that have been proposed for EPONs.
Given that QoS is the main concern in EPONs, we classify
these algorithms into DBA with QoS support and DBA
withoutQoS support, anddescribe their characteristics and
performances.

4.1. DBA without differentiated QoS support

There are several DBA algorithms proposed for EPON
which do not support differentiated services, such as
IPACT [9] and BGP [13].

4.1.1. Interleaved polling with adaptive cycle time (IPACT)
IPACT [9] is the first DBA algorithm proposed for EPON.

It employs a resource negotiation process to facilitate
queue report and bandwidth allocation. The OLT polls
ONUs and grants timeslots to each ONU in a round-robin
fashion. The timeslot granted to an ONU is determined
by the queue status reported from that ONU. Therefore,
the OLT is able to know the dynamic traffic load of each
ONU and allocate the upstream bandwidth in accordance
with the bandwidth demand of eachONU.Moreover, it also
employs the SLAs of end users to upper bound the allocated
bandwidth to each ONU.
In IPACT, several bandwidth allocation schemes are

investigated, including limited allocation, constant credit,
linear credit, and elastic allocation. In limited allocation,
the OLT simply grants an ONU the number of bytes the
ONU requested, but not exceeding a maximum window
size. This is the most conservative scheme because it
assumes that no more packets arrived after the ONU sent
its request. In practice, however, because of the round-
trip time between the OLT and each ONU, there might be
more packets arriving between the instant an ONU sends a
REPORT message and the instant the ONU receives a GATE
message. In this case, those newly arriving packetsmay not
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be able to be transmitted in the current cycle, resulting in
increased average packet delay. To address this problem,
the constant credit scheme and the linear credit scheme
were proposed.
In constant-credit allocation, a credit is added to the

requested window size and is considered in the granted
window size. The size of the credit is constant no matter
how large the requested window size is. Once an ONU
receives a GATE message, it can send packets for up to
the requested window size plus the constant credit. The
choice of the credit size may have an impact on the
network performance. A too small size will not be able to
improve packet delay a lot. A too large size will reduce
the bandwidth utilization of the upstream channel. The
choice should be based on the traffic characteristics or
some empirical data.
In linear-credit allocation, a similar credit is added to

the requested window size. However, the size of the linear
credit is proportional to the requested window size. The
basis behind this scheme is that network traffic usually
has a certain degree of predictability. This means that if a
long burst of data is observed, this burst is very likely to
continue for longer time.
In elastic allocation, there is no limit imposed on the

maximum window size. The only limit is the maximum
cycle time. The maximum window size Wmax is granted
in such a way that the accumulated size of last N grants
(including the one being granted) does not exceed N ×
Wmax, where N is the number of ONUs. In this way, if only
one ONU has data to send, it may get a granted window
size up to N ×Wmax.
Among all the above bandwidth allocation schemes,

limited allocation exhibits the best performance [2].
However, IPACT does not consider the multi-service needs
of subscribers. To meet such the multi-service needs,
a variety of DBA algorithms have been proposed for
supporting differentiated services.

4.1.2. Estimation-based dynamic bandwidth allocation
In [14], Byun et al. proposed an estimation-based DBA

algorithm, which can reduce the queue length of each
ONU and thus the average packet delay by estimating the
packets arrived at an ONU during the waiting time and
incorporating the estimation in the grant to theONU. In the
algorithm, a control gain is used to adjust the estimation
based on the difference between the departed and arrived
packets in the previous transmission cycle. The simulation
results show that the proposed DBA algorithm can reduce
the average packet delay as compared to IPACT.

4.1.3. Interleaved polling with adaptive cycle time with grant
estimation (IPACT-GE)
In [15], Zhu et al. proposed another estimation-based

DBA algorithm, called interleaved polling with adaptive
cycle timewith grant estimation (IPACT-GE), for efficiently
sharing the upstream channel among multiple ONUS in
an EPON system. With IPACT-GE, the amount of packets
arriving at an ONU between two consecutive pollings
is estimated based on the self-similarity characteristic
of network traffic, and the OLT decides the granted
transmission size for the ONU based on the estimated
packet amount as well as the amount requested in the
previous polling cycle. By estimating the amount of new
arriving packets and granting an additional window size,
the grant size to the ONU will be close to the real buffer
occupancy at the time when the ONU is polled. Under
light traffic load, packets are liable to be transmitted in the
same polling cyclewhen they arrivewithout a need towait
until the next polling cycle. The simulation results show
that IPACT-GE can largely reduce the averagewaiting delay
experienced by a packet and the buffer occupancy under
light traffic load as compared to IPACT without affecting
other performance in terms of average packet loss and
upstream channel utilization. Moreover, when combined
with the strict priority queue (SPQ) mechanism to support
differentiated services, it can greatlymitigate the light load
penalty that is a phenomenon in using IPACT and SPQ.

4.1.4. Bandwidth guaranteed polling (BGP)
Bandwidth guaranteed polling (BGP) [13] is a DBA

algorithm proposed for providing bandwidth guarantees
in EPONs. In BGP, all ONUs are divided into two groups:
bandwidth guaranteed and bandwidth non-guaranteed.
The OLT performs bandwidth allocation through using a
couple of polling tables. The first polling table divides a
fixed-length polling cycle into a number of bandwidth
units and each ONU is allocated a certain number of
such bandwidth units. The number of bandwidth units
allocated to an ONU is determined by the bandwidth
demand of that ONU, which is given by its SLA with a
service provider. A bandwidth guaranteed ONUwith more
than one entry in the poling table has its entries spread
through the table. This can reduce the average queuing
delay because theONU is polledmore frequently. However,
this leads to more grants in a cycle and thus requires
more guard times between grants, which reduces channel
utilization. On the other hand, it can potentially lead
to lower channel utilization because an Ethernet frame
cannot be fragmented in transmission. If a frame is too
large to fit in the remainder of the current bandwidth unit,
it will have to wait for the next bandwidth unit and a
portion of the current bandwidth unit is thus wasted. To
address this problem, BGP allows an ONU to communicate
to the OLT its actual use of a bandwidth unit. If the
unused portion of the bandwidth unit is large enough, this
portion will be granted to a bandwidth non-guaranteed
ONU. Otherwise, the next bandwidth guaranteed ONU is
polled. However, this mechanism is largely limited by the
propagation delays between the OLT and ONUs.
The unused portions of the bandwidth units for

the bandwidth guaranteed ONUs are distributed to the
bandwidth non-guaranteed ONUs in the order of their
positions in the second polling table. The construction of
the second polling table is different from that of the first
table. Each entry is dynamically created as a bandwidth
non-guaranteed ONU requests a grant. The simulation
results show that an ONU with more entries in the polling
table has smaller queuing delay than one with fewer
entries.
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4.1.5. IPACT with Smallest Available Report First (SARF)
In [16], Bhatia and Bartos proposed a Smallest Available

Report First (SARF) heuristic to improve the performance
of the IPACT protocol in terms of packet delay. In this
heuristic, the OLT always grants an ONU with the smallest
reported queue length first. At the same time, it treats
the ONUs with a zero queue length differently. Under low
traffic load, such ONUs are always served first without
exception. However, it still requires the allocation of a
grant to accommodate the next REPORT message as well
as themandatory guard-band overhead.While such grants
do not contribute to reducing the packet delay at the ONUs
that have no packets to send, they do increase the packet
delay at the subsequent ONUs. Thus, when choosing the
next ONU to serve under higher traffic load, the ONUswith
zero-length queues are treated as if they have a queue
length that is equal to the average queue length taken
over all ONUs. Moreover, this average queue length is
weighted by the number of times an ONU reports a zero-
length queue consecutively. As a result, an ONU that has
consecutively reported a zero-length queue many times
will likely be served at the end of a cycle. The simulation
results show that the proposed SARF heuristic can improve
the delay performance of IPACT by about 10%–20% under
the gated allocation policy.

4.1.6. Multi-thread polling
In [17], Song et al. proposed a multi-thread polling

algorithm to efficiently and fairly distribute the upstream
bandwidth in long-reach PONs. This algorithm allows each
ONU to send its REQUEST message before the previous
GATE message is received from the OLT, thereby creating
a new ‘‘thread’’ of signaling between an ONU and the OLT.
To implement this algorithm, the OLT must maintain a
polling table and each ONU has an entry in the table, which
records the ONU’s Round-Trip Time (RTT) and its most
recent requests in each thread. In each thread, the OLT
performs bandwidth allocation and distributes the GATE
messages to all ONUs. In multi-thread polling, the OLT
can make use of not only the information in the REQUEST
messages in the current thread, but also that in subsequent
threads before the OLT performs bandwidth allocation.
The simulation results show that the proposed multi-
thread polling algorithm, by setting the proper initial
thread interval and tuning threshold, can improve the
performance of a single-thread polling algorithm in terms
of average packet delay and throughput, in particular,
under high traffic load.

4.2. DBA with differentiated QoS support

An EPON system is expected to deliver not only best-
effort data traffic, but also real-time data traffic (e.g., voice
and video) that have strict bandwidth, packet delay, and
delay jitter requirements. In this subsection, we present
several DBA algorithms that can provide differentiated QoS
support for different types of data traffic in EPON.
4.2.1. Fair sharing with dual SLAs (FSD-SLA)
In [18], Banerjee et al. proposed a fair sharing with

dual SLAs (FSD-SLA) algorithm, which employs dual SLAs
in IPACT to manage the fairness for both subscribers and
service providers. The primary SLA specifies those services
whose minimum requirements must be guaranteed with
a high priority. The secondary SLA describes the service
requirements with a lower priority. This algorithm first
allocates timeslots to those services with the primary
SLA to guarantee their upstream transmissions. After the
services with the primary SLA are guaranteed, the next
round is to accommodate the secondary SLA services. If the
bandwidth is not sufficient to accommodate the secondary
SLA services, themax–min policy is adopted to allocate the
bandwidth with fairness. If there is excessive bandwidth,
FSD-SLA will allocate the bandwidth to the primary SLA
entities first and then to the secondary SLA entities, both
by using max–min fair allocation.

4.2.2. Class-of-service-oriented packet scheduling (COPS)
In [19], Naser andMouftah proposed a class-of-service-

oriented packet scheduling (COPS) algorithm to support
differentiated services. COPS uses two groups of leaky
bucket credit pools on the OLT side to regulate the traffic
of each ONU and each class-of-service (CoS). One group
contains k credit pools, corresponding to k CoSs in the
EPON system. Each pool is used to control the average rate
of certain CoS traffic from all ONUs to the OLT. The other
group contains m credit pools, corresponding to m ONUs
in the system. Each pool is used to control the usage of the
upstream channel by an ONU. In allocating and granting
bandwidth or timeslots, the OLT begins with the highest
CoS and ends with the lowest CoS, which is performed
in two rounds. In the first round, each ONU with the
traffic of the current CoS is granted up to the number of
credits available for that ONU. If a request is granted, the
granted bytes are subtracted from the corresponding credit
pool. At the end of the first round, the unused credits are
pooled together and are distributed to those ONUs whose
bandwidth demands were not fully satisfied. As long as
there are credits available in the pools, a new request will
be accommodated. The simulation results show that COPS
has lower average and maximum delay for all CoSs except
the highest-priority one as compared to IPACTwith limited
allocation.

4.2.3. Hybrid granting protocol (HGP)
In [20], Shami et al. proposed a hybrid granting protocol

(HGP) to support differentiated QoS provisioning by guar-
anteeing bandwidth andminimizing jitter. InHGP, traffic is
classified into three categories: Assured Forwarding (AF),
Best Effort (BE), and Expedited Forwarding (EF). For the EF
traffic, HGP employs a queue predictionmechanism to size
the grant to an ONU to accommodate all the traffic in the
queue of that ONU at the point of granting. This is because
the EF traffic has a constant bit rate and thus can be easily
predicted. For the AF and BE traffic, it sizes the grant to an
ONU only based on the REPORT message from that ONU. A
transmission cycle consists of two sub-cycles: EF sub-cycle
and AF/BF sub-cycle, and begins with the EF sub-cycle fol-
lowed by the AF/EF sub-cycle. The EF sub-cycle carries the
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EF traffic while the AF/BF sub-cycle carries AF and BF traf-
fic for each ONU. The length of the EF sub-cycle is prede-
termined while that of the AF/BF sub-cycle depends on the
traffic load of each ONU. Accordingly, there are two grants
for each ONU in every transmission cycle. The status of the
AF and BF queues in an ONU is not reported until the end of
the EF grant for that ONU, which allows the ONU to report
up-to-date queue status to the OLT. In this way, HGP guar-
antees the bandwidth to the EF traffic and thus minimizes
the jitter experienced by the EF traffic, while keeping QoS
support for theAF andBF trafficwith flexible bandwidth al-
location. The simulation results show that HGP has smaller
queuing delay under higher traffic load as compared to a
regular EPON scheduler. Under lower traffic load, the reg-
ular EPON scheduler has smaller queuing delay because of
the increased length of guard time per cycle.

4.2.4. Dynamic bandwidth allocation with multiple services
(DBAM)
In [21], Luo and Ansari proposed a dynamic bandwidth

allocation with multiple services (DBAM) algorithm to ac-
commodate different types of traffic in EPONs. Instead of
providing multiple services among ONUs and among end
users separately, DBAM incorporates both of them into the
REPORT /GATE mechanism with class-based bandwidth al-
location. It applies priority queuing to the EF, AF, and BE
frames, and employs priority-based scheduling to schedule
the buffered frames. Moreover, DBAM uses limited band-
width allocation to arbitrate bandwidth allocation among
ONUs, thus prohibiting aggressive bandwidth scrambling.
In addition, it employs class-based traffic prediction to take
into account the traffic that arrives during the waiting pe-
riod, which ranges from sending the queue status report to
sending the traffic buffered in each ONU. Such a prediction
is based on the actual traffic received in the previous wait-
ing period. The OLT serves all ONUs in a fixed round-robin
fashion in order to facilitate traffic prediction. The simula-
tion results show that such prediction can provide smaller
packet delay for the EF traffic compared to fixed bandwidth
allocation and limited bandwidth allocation.

4.2.5. Limited sharing with traffic prediction (LSTP)
In [22], Luo and Ansari proposed a limited sharing

with traffic prediction (LSTP) algorithm, which employs
an adaptive filter to predict the traffic that arrives
during the waiting period and thus more accurately grant
bandwidth to each ONU. For each class of traffic, LSTP
estimates the data that arrive during the waiting period
based on the data of this class that actually arrived in
previous transmission cycles by using a linear predictor.
The bandwidth demand of an ONU is thus the reported
queue length plus the estimation. The OLT arbitrates the
upstream bandwidth using this estimation and reserves a
portion of the upstream bandwidth for transmitting the
estimated data in the earliest transmission cycle, thus
reducing packet delay and loss. In addition, LSTP facilitates
service differentiation by using different SLA parameters
to restrict different classes of traffic. The simulation results
show that it improves the network performance in terms
of average packet delay and loss as compared to fixed
allocation, limited allocation, and limited allocation with
excess distribution.
4.2.6. Two-layer bandwidth allocation
In [23], Xie et al. proposed a two-layer bandwidth

allocation (TLBA) algorithm for supporting differentiated
services in EPONs. TLBA is a hierarchical allocation
algorithm that allocates bandwidth in two layers. In the
first layer, the transmission cycle is partitioned or the
upstream bandwidth is allocated among differentiated
service classes, which is called class-layer allocation. In
the second layer, the partition or bandwidth allocated to
each class is distributed to all ONUs within the same class
based on a max–min fairness policy, which is called ONU-
layer allocation. The OLT allocates bandwidth based on the
instantaneous demand of each ONU and does not limit
the size of each demand. Accordingly, an ONU is allowed
to report the lengths of all its queues to the OLT and the
OLT allocates the upstream bandwidth to meet all the
demands as much as possible. To avoid any class from
monopolizing the available bandwidth in a cycle, a per-
class threshold is introduced. The bandwidth threshold
guarantees a minimum bandwidth for a class under high
traffic load. Any excessive bandwidth from the classes that
need less than their thresholds is distributed among the
classes that needmore than their thresholds. The excessive
bandwidth distribution is performed based on the weights
that are assigned to each class. The simulation results show
that under lower traffic load, TLBA can achieve efficient
utilization of the upstream channel.

4.2.7. Limited allocation with excess distribution
In [24], Assi et al. proposed an efficient DBA algorithm

to support QoS in EPONs. This algorithm is based on
limited allocation. Due to the bursty nature of Ethernet
traffic, in each transmission cycle, some ONUs (also called
lightly-loaded ONUs) may have less traffic to transmit
and thus need smaller bandwidth than the minimum
guaranteed bandwidth, while other ONUs (also called
heavily-loaded ONUs) may have more traffic to transmit
and need larger bandwidth than the minimum guaranteed
bandwidth. For this reason, those lightly-loaded ONUs
may result in an excessive bandwidth. Obviously, this
excessive bandwidth can be exploited to meet the
bandwidth demands of the heavily-loaded ONUs. For this
purpose, an allocation schemewas proposed to allocate the
excessive bandwidth among the heavily-loaded ONUs in
proportional to their bandwidth demands. To implement
this allocation scheme, the OLT must collect the REPORT
messages from all ONUs before it performs computation
for bandwidth allocation and then schedule (i.e., sends
GATE messages to) the ONUs for the next transmission
cycle. However, this would result in an idle period in
which the upstream channel is unutilized. To make use
of this idle period and improve bandwidth utilization,
an early allocation mechanism was proposed, which
schedules a lightly-loaded ONU instantaneously without
any delay, whereas schedules those heavily-loaded ONUs
after the OLT receives all REPORT messages and performs
computation for bandwidth allocation. However, this
scheduling mechanism may not be able to make sufficient
use of the idle period in many cases. While it can
significantly improve bandwidth utilization under low
and medium traffic load, it is unable to make use of
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the idle period under high traffic load [25]. To further
improve bandwidth utilization under high traffic load, a
new scheduling control mechanism is proposed to address
the idle period problem in [25]. In this mechanism, the OLT
still employs an early allocationmechanism that schedules
a lightly-loaded ONU instantaneously without any delay.
At the same time, it accumulates the excessive bandwidth
contributed by each lightly-loaded ONU. For the heavily-
loaded ONUs, the OLT normally waits until after all REPORT
messages are received to perform the computation for
bandwidth allocation and send GATE messages to the
ONUs. To ensure that the idle period is not wasted, the
OLT maintains a tracker that records the ending time of
the timeslot for the last scheduled ONU and updates the
tracker every time the next ONU is scheduled. The OLT
will schedule a heavily-loaded ONU under some special
conditions depending on the value of the tracker. The
simulation results show that the DBA algorithm proposed
in [25] can effectively improve the network performance
in terms of packet delay and throughput under high traffic
load compared with the algorithm proposed in [24].

4.2.8. Queue-based dynamic bandwidth allocation
In [26], Choudhury and Saengudomlert proposed an

OLT-centricDBA schemebased on individual requests from
the service queues in ONUs for a QoS-aware EPON. To
prevent misbehaving high-priority traffic from completely
starving all lower-priority traffic, the proposed DBA
algorithm employs queue scheduling and makes use of
the excess bandwidth of lightly-loaded queues to meet
the bandwidth demand of heavily-loaded queues. For this
purpose, it incorporates an efficient polling mechanism
to solve the idle period problem and uses a novel
different-cycle policy to reduce the scheduling overhead,
which selectively allocates bandwidths to different service
classes based on their delay bounds. The simulation results
show that the proposed DBA algorithm outperforms the
IPACT algorithm that uses a strict priority policy in terms
of average packet delay and bandwidth utilization.

4.2.9. QoS-aware dynamic bandwidth allocation
In [27], Miyoshiet al. proposed a QoS-aware DBA

algorithm, called Dynamic Credit Distribution (D-CRED),
for gigabit EPONs and argued that in order to achieve
higher bandwidth utilization unused slot remainders must
be eliminated. To eliminate the unused slot remainders,
D-CRED introduces a dynamic queue threshold technique,
which allows each ONU to have only one threshold and
the OLT to dynamically change the threshold value (also
called credit here). This dynamic threshold technique can
eliminate unused slot remainders and keep the cycle
longer, which in turn leads to higher throughput efficiency
and more precise bandwidth allocation. The simulation
results show that D-CRED can achieve a 6.4% higher
bandwidth utilization compared to IPACT with limited
service, and 99% of the theoretical maximum utilization.
D-CRED can also be extended to QoS support. For this
purpose, a concept of fairness is defined and based
on the defined concept D-CRED calculates a degree of
satisfaction of an ONU regarding credit allocation in each
cycle and keeps track of the degree during the entire busy
periods. If the ONU receives a full credit as requested,
D-CRED considers that the ONU is satisfied with the credit
allocation. Otherwise, the ONU is not satisfied with the
credit allocation. Therefore, D-CRED tries to make every
ONU satisfied in its credit allocation.

4.2.10. Intra-ONU bandwidth scheduling
In [28], Ghani et al. proposed a modified start-time fair

queuing (M-SFQ) virtual time scheduler for decentralized
intra-ONU bandwidth allocation in EPONs. Unlike other
virtual time schedulers which timestamp all packets,
the M-SFQ scheduler only maintains timestamps for the
head-of-line (HOL) queue packets, yielding much lower
complexity. It features low implementation complexity
and can be incorporated with any OLT-ONU (inter-ONU)
DBA algorithm. The simulation results confirm that the M-
SFQ scheduler can achieve a very fine degree of bandwidth
allocation and good delay performance.

4.2.11. Intra-ONU bandwidth allocation
In [29], Chen et al. proposed a novel modified to-

ken bucket (M-TB) algorithm for decentralized intra-ONU
bandwidth allocation in EPONs. Compared with the pure
strict priority (SP) algorithm and the M-SFQ algorithm,
which have a complexity of O(k) and O(k logM), respec-
tively, this algorithm has a complexity of O(k), where kis
the total number of packets that can be sent in one grant
window andM is the number of input queues. The simula-
tion results confirm that theM-TB algorithm can guarantee
both the priority and the fairness of differentiated services
while the SP and M-SFQ algorithms cannot. In addition, it
can also be incorporated with any OLT-ONU (inter-ONU)
DBA algorithm.

4.2.12. Fine scheduling
In [30], Chen et al. proposed a fine scheduling algorithm

for upstream bandwidth allocation, which consists of
an inter-ONU scheduler at the OLT and an intra-ONU
scheduler at each ONU. In the inter-ONU scheduling, a
novel DBA algorithm is proposed to fairly allocate the
bandwidth for upstream data transmission and optimize
the upstream bandwidth utilization. Unlike most other
DBA algorithms which only report the buffered data size
at each ONU, the proposed DBA algorithm allows each
ONU to send two requests in its REPORT messages: a
maximum window size and a minimum (or guaranteed)
window size. After receiving all the REPORT messages in
a cycle, it performs bandwidth allocation and allocates a
bandwidth to each ONU based on the following fairness
criteria: (1) The minimum bandwidth demand is always
guaranteed; (2) The excess bandwidth is allocated to
a unit (an ONU or a queue) according to its weight;
(3) No unit is allocated a bandwidth more than its
maximum bandwidth demand. Furthermore, it introduces
a novel approach to eliminate unused slot remainders
without causing transmission delay by sending the REPORT
message ahead of the data stream, and informing the OLT
of the requested maximum and minimum bandwidths for
the next cycle as well as the total actual bandwidth of each
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ONU for this cycle. In addition to the inter-ONU scheduler,
a novel hierarchical intra-ONU scheduler is also proposed
to realize fine granularity scheduling to support QoS for
traffic of each individual user by combining the M-TB
algorithm for inter-class [29] and the modified start-time
fair queuing (for intra-class) [28]. The simulation results
show that the proposed overall scheduling algorithm can
meet the performance requirements in terms of packet
delay and throughput for the transmission of multimedia
traffic of each end user.

4.2.13. Priority-based dynamic bandwidth allocation for
emergency handling
In [31], Moon studied the DBA problem in network

emergencies and argued that priority-based DBA should
only be used when a network emergency occurs. The
network state is classified into two different states: normal
state and emergency state. For the normal state, a DBA
algorithm proposed in [32] is adopted, which is slightly
extended to consider the weight of each ONU. For the
emergency state, three priority-based DBA algorithms are
proposed,which differ in theway they protect non-priority
ONUs from starving. In the first algorithm, there is no
protection of non-priority ONUs from starving. That is,
non-priority ONUs can be served only after the requests
of all priority ONUs are served. In the second algorithm,
a counter is used to protect non-priority ONUs from
starving. That is, non-priority ONUs can be served after
priority ONUs are served over a certain number, say α
times. Also, when non-priority ONUs are served over a
certain time, say β times, the service is handed over to
priority ONUs. In the third algorithm, the OLT maintains a
polling sequence table to protect non-priority ONUs from
starving. The simulation and analytical results show that
the proposed DBA algorithms perform efficiently in terms
of packet delay and bandwidth utilization, and can meet
more stringent QoS requirements than the conventional
weighted round-robin-based algorithms [33].

4.2.14. Fair bandwidth allocation using effective multicast
traffic share
In [34], Kim et al. proposed a fair bandwidth allocation

mechanism, called share-based proportional bandwidth
allocation (S-PBA), to effectively supportmulticast services
in the downstream direction of a TDM-PON. In order to
provide anONUwith a fair amount of downlink bandwidth
and high throughput independent of the traffic type,
the S-PBA mechanism arbitrates the amount of unicast
timeslot by using effective multicast traffic share, which
is determined based on multicast traffic load distribution
and traffic-sharing density. In the S-PBA mechanism, a
transmission cycle consists of three types of timeslots:
a static timeslot that provides the ONUs with a static
bandwidth for real-time constant bit rate (CBR) traffic
or management signaling in the manner of unsolicited
polling; a multicast timeslot for transmission of multicast
traffic; and unicast timeslots allocated to the ONU queues
for transmission of unicast traffic. In each cycle, the control
agent in the OLT allocates timeslot bandwidths to the static
service queue and the single copy broadcast (SCB port),
respectively. Then a remaining unicast timeslot bandwidth
is distributed over the ONU queues to guarantee each
ONU queue a minimum fair bandwidth. A restriction on
the amount of bandwidth for multicast traffic is needed
in the case of traffic congestion in order to prevent
a bandwidth monopolization of multicast applications,
while guaranteeing a strict QoS to important unicast
applications. The analytical and simulation results validate
the effectiveness of the proposed S-PBA mechanism and
the mechanism is applicable to multicast video delivery or
multicast traffic transmission in general.

4.2.15. Admission control for QoS protection
In [35,36], Dhaini and Assi et al. proposed a per-stream

QoS protection in EPONs using a two-stage admission
control system. In this admission control system, a total
cycle is divided into two main cycles, one for real-
time traffic and the other for best-effort traffic. For the
real-time traffic, each ONU is guaranteed a minimum
bandwidth and could be allocated up to a maximum
bandwidth. Thus, the corresponding cycle can further be
divided into two sub-cycles: T1 and T2. The OLT allocates
the minimum guaranteed bandwidth for each ONU in
T1, which is under the control each ONU, whereas the
bandwidth of T2 is under the control of the OLT. The system
employs a two-stage admission control mechanism: a
local admission control (LAC) at each ONU and a global
admission control (GAC) at the OLT. The first stage
allows each ONU to perform flow admission control
locally based on its bandwidth availability. At the first
stage, an ONU can locally perform flow admission control
based on the bandwidth demand of a new arriving flow
and its bandwidth availability, and best-effort traffic is
always admitted. For a real-time traffic flow, it will
conditionally admit the flow based on the bandwidth
usage condition, and will monitor its QoS status for a
predefined number of cycles. If the QoS of the newly
admitted flow are satisfied without affecting the QoS of
the existing flows, the flow will be admitted. Otherwise,
the flow will be dropped. If a flow cannot be admitted
at the ONU due to bandwidth insufficiency, the ONU
will report the arrival of a new flow to the OLT. The
OLT will admit this new flow only if there is bandwidth
available in T2 and the ONU has not been allocated a
bandwidth more than the maximum bandwidth. Although
the minimum guaranteed bandwidth is under the control
of each ONU, the scheduling of different ONUs is still
centrally done at the OLT in order to avoid collisions
in the upstream channel. To support the admission
control mechanism, a hybrid DBA algorithm is also
proposed, which performs both bandwidth allocation and
reservation simultaneously. The simulation results show
that the proposed admission control system can achieve a
good performance in providing QoS for both real-time and
best-effort traffic.

5. Conclusions

Bandwidth allocation is a critical issue in the design of
an EPON system. Since multiple ONUs share a common
upstream channel, an EPON systemmust efficiently utilize
the limited upstream bandwidth in order to meet the
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bandwidth demands and quality of service requirements
of end users. For this purpose, DBA is highly preferred. In
this chapter, we discussed themajor issues that are related
to bandwidth allocation in an EPON system and presented
a survey of the state-of-the-art DBA algorithms for TDM
EPON systems. Although many DBA algorithms have been
proposed to provide differentiated QoS in EPONs, further
research efforts are still needed in order to explore better
solutions to this critical issue.
On the other hand, recent advances in enabling

technologies havemade optical devices that are previously
cost-prohibited become more affordable, which makes it
economically viable to use multiple upstream channels in
an EPON system. This has presented new challenges in the
design of DBA algorithms for multi-channel WDM EPONs,
which has become a hot research topic in recent years. Due
to the limitation of space, the reader is referred to [37–40]
for the current research status on this topic.
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