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Abstract This article proposes a PRNN/ERLS-based pre-
dictive QoS-promoted dynamic bandwidth allocation
(PQ-DBA) scheme for upstream transmission in Ethernet
passive optical network (EPON) systems. The proposed PQ-
DBA scheme originally divides incoming packets of voice,
video, data service traffic into six priorities, where packets
having less room before QoS requirements violation or being
in starvation situation will be dynamically promoted to high
priority cycle-by-cycle. It predicts packets arriving at predic-
tion interval for ONUs using pipeline recurrent neural net-
work (PRNN)/extended recursive least squares (ERLS) so
that the bandwidth allocation can be more up-to-date and
then accurate. Simulation results show that the proposed
PQ-DBA scheme achieves higher system utilization and
lower average voice, video, data packet delay time than the
DBAM scheme [Luo and Ansari, OSA J Opt Netw 4(9):561–
572] by 4, and 21, 90, 43%, respectively, and the PQ-DBA
scheme but without prediction by 2, and 26, 29, 34%, respec-
tively.
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1 Introduction

The Ethernet passive optical network (EPON), which repre-
sents the combinations of low-cost Ethernet equipment and
low-cost fiber infrastructure, is considered to be the cost-
effective solution of the optical access network [1]. The
EPON system has to support triple-play services in opti-
cal access networks, and must fulfill the quality-of-services
(QoS) requirements of each service. Kramer et al. [2] pro-
posed an IPACT upstream multiple access mechanism for
EPON. This work dynamically assigned bandwidth to all
ONUs by polling ONUs’ demands, and was selected as IEEE
802.3ah standard [3]. However, quality of service (QoS)
requirements, such as voice/video packet delay and packet
dropping probability, were not considered.

Several polling-based upstream scheduling algorithms
were proposed to deal with the QoS problem in [4–7]. Cheng
et al. [4] proposed a DBA-high priority (DBA-HP) scheme,
which focused on the high-priority traffic. The DBA-HP
minimized the packet delay time and delay variation of high-
priority packets, but sacrificed the packet delay, packet drop-
ping probability, and throughput of low-priority packets. An
intra-ONU priority scheduling scheme [5] and a two layer
bandwidth allocation (TLBA) scheme [6] were proposed to
resolve the unfairness for the low priority packets by design-
ing a maximum cycle time to each traffic class. However,
it produced increment of delay time of high-priority traffic
and decrement of system throughput, due to that the avail-
able bandwidth cannot meet all demands resulted by the burst
or the heavy traffic load. A traffic-class burst-polling-based
delta dynamic bandwidth allocation (TCBP-DDBA) scheme
was studied in [7]. The scheme not only reallocated extra
bandwidth to the heavily loaded ONUs to improve under uti-
lization problems but also provided QoS guarantee to delay
sensitive services. However, it did not individually allocate
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bandwidth to each class and resulted in the longest delay to
non-delay sensitive services if the traffic load was heavy and
the ONU did not arrange the transmission well.

Moreover, Wu et al. [8] proposed a prediction-based lon-
gest queue first (PLQF) scheduling algorithm, which is based
on the information of user queue length and the incoming
traffic. The system resource is allocated to the user who
has the largest probability to overflow in the near future
to achieve a minimal cell loss rate. Luo and Ansari pro-
posed a dynamic bandwidth allocation with multiple services
(DBAM) scheme in [9] and a limited sharing with traffic pre-
diction (LSTP) scheme in [10]. The DBAM scheme adopted
a limited bandwidth allocation (LBA) and employed a linear
estimation credit for class-based traffic prediction to esti-
mate queue’s traffic arriving during cycle time. The ONUs
apply priority queueing to buffer the three types of service
frames, and a maximum time slot length of a specific class of
traffic in each ONU is pre-assigned to a service level agree-
ment (SLA) between the end user and the service provider.
The DBAM can reduce the packet delay and queue length.
The LSTP scheme used the same upper bounded maximum
time slot length in bytes of ONUs as the DBAM scheme,
but with a linear predictor and a least-mean square (LMS)
adaptive update algorithm in ONUs to predict the data traf-
fic arrived during the cycle time. An early-DBA mechanism
with prediction-based fair excessive bandwidth reallocation
(PFEBR) scheme was introduced in [11], where the modified
linearestimation credit from DBAM [9] was used to ensure
fairness of all ONUs. Yin et al. [12] proposed a nonlinear
prediction-based dynamic bandwidth allocation (NLPDBA)
scheme to improve the upstream transmission efficiency and
prediction accuracy. The NLPDBA scheme used the same
LMS update algorithm as the LSTP scheme [10] and con-
trolled the estimated result for stability. However, when the
predictor underestimates or overestimates the traffic, it may
drop packets or waste bandwidth and cannot show how soon
it will converge. Thus, the NLPDBA scheme is hard to decide
the precise granted bandwidth for ONUs in the next cycle.

In this article, we propose a PRNN/ERLS-based pre-
dictive QoS-promoted dynamic bandwidth allocation (PQ-
DBA) scheme for upstream transmission in EPON. The
PQ-DBA not only commits the QoS requirements for real-
time services, but also promotes the fairness for non-real-
time packets, especially when the traffic intensity is larger
than 0.8. The PQ-DBA originally divides voice, video, and
data types of service traffic into six priorities. The proposed
PQ-DBA has different treatments to packet’s transmission.
Priority of real-time video packets is raised if the packets
will violate the QoS requirements at the beginning of the
next cycle. Similarly, priority of non-real-time data packets
is promoted if the packets suffer a long delay and will get
into a starvation situation. Besides, a pipeline recurrent neu-
ral network (PRNN)/extended recursive least square (ERLS)

update predictor [13] is adopted to precisely predict arrival
packets at ONU during the next prediction interval cycle-by-
cycle. The predictor has good nonlinear prediction capabil-
ity and fast convergent time [14], and we had successfully
employed nonlinear pipelined RNN to predict the interfer-
ence variation of DS-CDMA/PRMA system [15]. Simulation
results show that proposed PQ-DBA improves the system
utilization, the average voice, video, and data delay time by
4, and 21, 90, 43%, respectively, over the DBAM [9]. The
PQ-DBA scheme also achieves lower average voice, video,
and data delay time by 26, 29, and 34%, respectively, and
higher system utilization by 2% than the PQ-DBA without
prediction. Besides, the proposed PQ-DBA can fulfill the
video packet dropping probability requirement whereas the
DBAM scheme fails.

The rest of the article is organized as follows. Section 2
describes the system model. Section 3 introduces the PQ-
DBA scheme, includes the PRNN/ERLS predictor, the QoS-
promoted operation and the PQ-DBA assignment procedure.
Simulation results and discussions are presented in Sect. 4.
Finally, concluding remarks are given in Sect. 5.

2 System model

Assume that there is one optical line terminal (OLT) and
M optical network units (ONUs) split by 1: M splitter in an
EPON system. The line rate is RE bps between OLT and each
ONU, and the line rate RU bps between ONU and its own
end users. Two wavelengths are used to serve downstream
and upstream traffic individually. The system supports three
types of services, real-time voice, real-time video, and non-
real-time data. In ONUi , three types of queues are provided
to store real-time voice, real-time video, and non-real-time
data packets, which are denoted by Q0,i , Q1,i , and Q2,i ,
respectively, 1 ≤ i ≤ M . The incoming packets from users
will be put into the corresponding queues at ONU according
to their service types. The arriving packet will be dropped if
its queue is full, and the packet will be discarded if its QoS
requirement is violated.

There is a GATE (REPORT) message sent from OLT
(ONU) to ONU (OLT) to manage the transmission between
OLT and ONUs. Figure 1 shows the upstream transmission
between the PQ-DBA at OLT and ONUs in an EPON sys-
tem. Assume that the EPON system is at the present cycle
(n − 1), which starts from when OLT sends the GATE mes-
sage for ONU1 at cycle (n − 1), denoted by G1(n − 1), to
when the OLT sends the G1(n) for the next cycle n. The
PQ-DBA assumes a prediction interval for ONUi at cycle
(n − 1), denoted by Ti (n − 1), 1 ≤ i ≤ M , which starts
from when OLT receives the first packet from ONUi with
the (n − 1)-th REPORT message (at time Ti of Fig. 1) to
when OLT receives the first packet of ONUi with the n-th
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Fig. 1 Upstream transmission
between OLT and ONUs in the
EPON system
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REPORT message (at time TM+i of Fig. 1). The Ti (n − 1) is
not necessarily equal to the Tj (n − 1),∀n, when i �= j , and
1 ≤ i, j ≤ M . Assume that the PQ-DBA can know when
the TM+i will be.

The GATE message for ONUi at cycle (n −1), Gi (n −1),
is a set of {G0,i (n − 1), G1,i (n − 1), G2,i (n − 1)}, where
Gm,i (n −1) denotes the granted bandwidth for the type m of
service traffic in ONUi , m ∈{0, 1, 2}, 1 ≤ i ≤ M . When the
ONU receives the GATE message from the OLT, it transmits
packets at its assigned timeslot and piggybacks a REPORT
message at the end of the packet. The REPORT message from
ONUi to OLT at cycle (n − 1), denoted by Ri (n − 1), is a
set of {L0,i (n − 1), L1,i (n − 1), L2,i (n − 1), Ldp,i (n − 1),
Ld,i (n − 1), Lw,i (n − 1)}. The Lm,i (n − 1) is the occu-
pancy of queue Qm,i at cycle (n − 1), m ∈{0, 1, 2}, and the
Ldp,i (n − 1), Ld,i (n − 1), and Lw,i (n − 1) are numbers of
bytes that had better be transmitted at the next cycle otherwise
these packets will be dropped and/or the QoS requirement
will be violated. The QoS requirements Ldp,i (n−1), Ld,i (n−
1), and Lw,i (n − 1) are derived in the following.

The Ldp,i (n − 1) indicates the total amount of bytes of
real-time video packets that will violate the video packet
delay requirement, denoted by T ∗

d , if they are not transmit-
ted at the next cycle. Denote Td,k to be the delay time of the
k-th video packet in Q1,i of ONUi , 1 ≤ i ≤ M , at the pres-
ent cycle (n − 1), where k = 1 means the first packet in Q1,i .
Denote x to be the x-th packet with the least delay time, which
will violate the delay requirement at the beginning of the next
prediction interval, such that any video packet queued before
x-th packet will be dropped. Then, x can be calculated by

x = arg min
k

{Td,k + Ti (n − 1), ∀n, k, i, and Td,k

+ Ti (n − 1) > T ∗
d }. (1)

Then, the Ldp,i (n − 1) can be obtained by

Ldp,i (n − 1) =
x∑

k=1

Sk,1, (2)

where Sk,1 is the number of bytes of the k-th packet’s size in
Q1,i , 1 ≤ i ≤ M .

The Ld,i (n − 1) represents the total amount of bytes of
real-time video packets, which should be transmitted at the
next cycle, otherwise the video packet delay requirement will
be violated, and the requirement of video packet dropping
probability, denoted by P∗

d , cannot be kept. Denote Pd,i the
dropping probability of video packets at Q1,i , measured by
ONUi , 1 ≤ i ≤ M . A moving time window is adopted
to calculate the video packet dropping probability. It con-
tains the latest N output video packets of ONUi , which have
been dropped and transmitted, or are going to be dropped
or transmitted at the next cycle. Assume that there are Nd

video packets, among the N video packets, which have been
dropped so far. Assumed there are x video packets waiting in
the queue Q1,i , and being dropped if they are not transmitted
at the next cycle. The x is given in Eq. 1. Thus, a number of
packets among these x packets, denoted it by y, must be trans-
mitted otherwise the requirement of video packet dropping
probability, P∗

d , will be violated. Then, y can be obtained by

y = (
Nd + x − �N × P∗

d �)+
, (3)

where (a)+ = a if a ≥ 0, (a)+ = 0 if a < 0; and �b�
denotes the smallest integer greater than b. Then, the Ld,i

(n − 1) can be derived by

Ld,i (n − 1) =
y∑

k=1

Sk,1, (4)

where Sk,1 means the number of bytes of the k-th packet’s
size in Q1,i , 1 ≤ i ≤ M .

The Lw,i (n − 1) is the total amount of bytes of non-real-
time data packets whose waiting time will be larger than a
starvation–threshold time, denoted by T ∗

w , at the next cycle. It
tells OLT how much bandwidth is required for non-real-time
data packets in Q2,i to prevent starvation. Denote Tw,k to be
the waiting time of the k-th data packet in Q2,i of ONUi , 1 ≤
i ≤ M , at the present cycle (n − 1). A number of packets
with a waiting time larger than the starvation–threshold time,
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T ∗
w , should be served at the next cycle. Denote the number

of packets to be z, and the z is given by

z = arg min
k

{Tw,k − T ∗
w, ∀k, i, and Tw,k − T ∗

w > 0}. (5)

Then, the Lw,i (n − 1) can be obtained by

Lw,i (n − 1) =
z∑

k=1

Sk,2, (6)

where Sk,2 means the number of bytes of the k-th packet’s
size in Q2,i , 1 ≤ i ≤ M . The non-real-time data pack-
ets do not have strict delay criterion, but they ought to be
protected from such an unfair condition by an inappropriate
bandwidth assignment. Similar to the random early detection
(RED) scheme [16], the starvation–threshold time T ∗

w starts
a mechanism to keep data packets from reaching a starvation
situation.

3 PQ-DBA scheme

The PQ-DBA begins the prediction procedure for the i-th
ONU when it receives the i-th ONU REPORT message at
the present cycle (n − 1), Ri (n − 1), 1 ≤ i ≤ M . It adopts
a pipeline recurrent neural network/extended recursive least
square (PRNN/ERLS) for prediction, which has good nonlin-
ear prediction capability and fast convergent time. When the
predictions for all ONUs have accomplished, the PQ-DBA
performs the bandwidth allocation. The PQ-DBA scheme
classifies the three types of services traffic from ONUs into
six priorities and provides a QoS promotion capability at
ONUs, where service packets, which will violate the QoS
requirement will be promoted to higher priority. The band-
width allocation is according to the REPORT messages and
the predicted arrival packets of service traffic of all ONUs.
Then, the PQ-DBA at OLT sends the i-th GATE message to
O NUi for the next cycle, Gi (n), 1 ≤ i ≤ M .

3.1 PRNN/ERLS predictor

For prediction of the arrival packets during the prediction
interval of ONUi at present cycle (n − 1), Ti (n − 1), 1 ≤
i ≤ M , the PRNN/ERLS predictor would have to predict
the packet arrival rate of service type m traffic to ONUi dur-
ing Ti (n − 1), which is defined as the ratio of actual arrival
packets to the updating period, denoted by λ̃m,i (n − 1), m ∈
{0, 1, 2}. From Fig. 1, the actual packet arrival rate at predic-
tion interval Ti (n − 2), λm,i (n − 2), can be obtained from
the reported queue occupancy and the granted bandwidth.
Let Am,i (n − 2) be the amount of actual arrival packets at
Qm,i in bytes at the prediction interval Ti (n − 2). At predic-
tion interval Ti (n−1), the PQ-DBA can obtain the amount of
actual arrival packets Am,i (n − 2) according to the reported

queue occupancy Lm,i (n − 1), Lm,i (n − 2) and the granted
bandwidth Gm,i (n − 1). If Lm,i (n − 1) > 0, then the amount
of actual arrival packets Am,i (n −2) can be determined from
Gm,i (n − 1), Lm,i (n − 1) and Lm,i (n − 2). If Lm,i (n − 1)

= 0, assume that the actual arrival packets arrive in uniform
distribution. Therefore the Am,i (n − 2) can be obtained by

Am,i (n − 2)

=
⎧
⎨

⎩
Gm,i (n − 1) − Lm,i (n − 2) + Lm,i (n − 1), i f Lm,i (n − 1) > 0,
Gm,i (n − 1) − Lm,i (n − 2)

2
, i f Lm,i (n − 1) = 0.

(7)

Then ,the λm,i (n − 2) can be calculated by

λm,i (n − 2) = Am,i (n − 2)

Ti (n − 2)
. (8)

In the implementation of the PRNN predictor, a fully con-
nected recurrent neural network (RNN) structure with R neu-
rons and p + q + R input nodes can be adopted [17]. How-
ever, the computational complexities are pretty high. Instead
the PRNN structure is here considered for its computation
efficiency. In our design, the prediction value of the λ̃m,i

(n − 1) can be determined from p previously measured sam-
ples λm,i (k), n − p − 1 � k � n − 2, and q predicted
errors, em,i ( j), n − q − 1 � j � n − 2, and em,i ( j) =
λm,i ( j) − λ̃m,i ( j). The λ̃m,i (n − 1) can be expressed as

λ̃m,i (n − 1) = H(λm,i (n − 2), ..., λm,i (n − p − 1);
λ̃m,i (n − 2), ..., λ̃m,i (n − q − 1)) (9)

where H(•) is an unknown nonlinear function and the PRNN
is adopted to approximate it. The PRNN refers to the RNN
predictor with a pipelined structure, which consists of q lev-
els of processing, and each level has a RNN module with N
neurons, (d + N + 1) input nodes and a comparator, where d
= p - q + 1 and q × N = R. For the detailed description of
the PRNN predictor, please refer to [14].

Here, the extended recursive least square (ERLS) is
applied as the learning algorithm for PRNN. In order to
reduce the complexity, all the modules of the PRNN are
designed to have exactly the same synaptic weight matrix.
Hence, each level of the PRNN is a sub-prediction and each
RNN module has a prediction error, and the total predic-
tion errors of the PRNN predictor must be combined for
weight adjustment. The prediction errors for the k-th RNN
module around prediction interval Ti (n − 1), denoted by
ek(n − 2), 1 ≤ k ≤ q, and for the PRNN predictor, denoted
by Em,i (n − 2) are, respectively, defined as

ek(n − 2) = λm,i (n − k − 1) − yk(n − 2), (10)

and

Em,i (n − 2) =
q∑

k=1

ξ k−1e2
k (n − 2), (11)
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where yk(n − 2) is the output of k-th RNN module, and ξ ∈
(0,1] is the forgetting factor. The term ξ k−1 is an approxi-
mate measure of the memory of the individual modules in the
PRNN. The cost function of ERLS, denoted by εERLS(n−2),
is defined as

εERLS(n − 2) =
n−2∑

k=1

ξn−k−2 Em,i (k). (12)

The ERLS algorithm minimizes the cost function in Eq. 12
and then updates the weights of the neurons in the modules
accordingly. According to analysis in [13], ERLS considers
present and previous errors, so it can minimize the margin of
errors. When the PRNN/ERLS predictor has finished the pre-
diction of the packet arrival rate during Ti (n−1), λ̃m,i (n−1),
the amount of estimated arrival packets of Qm,i in bytes at
prediction interval Ti (n − 1), m ∈ {0, 1, 2}, 1 ≤ i ≤ M ,
denoted by D̃m,i (n − 1), can be calculated by

D̃m,i (n − 1) = λ̃m,i (n − 1) × Ti (n − 1). (13)

The predicted queue occupancy of Qm,i at the end of
Ti (n − 1), denote it by Pm,i (n − 1), can be obtained as

Pm,i (n − 1) = Lm,i (n − 1) + D̃m,i (n − 1). (14)

3.2 PQ-DBA scheme

The PQ-DBA scheme classifies the three types of services
traffic from ONUs into six priorities. The first priority is real-
time voice packets; the second priority is real-time video
packets, which have violation problem of packet dropping
probability requirement if they are not served at the next
cycle; the third priority is video packets, which have violation
problem of delay requirement if they are not served at the next
cycle; then data packets have violation problem of starva-
tion–threshold requirement as fourth priority; then, real-time
video packets as fifth priority, and non-real-time data packets
as the least priority. The PQ-DBA provides a QoS promo-
tion capability to ONUs. Service packets are transmitted in
accordance with their priorities, and these packets, which

will violate the QoS requirement, will be promoted to higher
priority.

Upon receiving the REPORT messages from each ONU,
the PQ-DBA at OLT calculates the amount of QoS-promoted

packets first, and estimates the newly arrival packets during
prediction interval, and then allocates the available band-
width to each ONUs in a proportional method. The PQ-DBA
scheme allocates bandwidth in unit of bytes to all ONUs
from the service of the highest priority to that of the lowest
one successively until all the bandwidths are used up. The
granted bandwidth to the service of any priority for OUNi

is based on the predicted queue occupancy of Qm,i , Pm,i ,
given in Eq. 14, m ∈ {0, 1, 2}, 1 ≤ i ≤ M , and Ldp,i , Ld,i ,
and Lw,i given in Eqs. 2, 4, and 6, respectively. Denote B the
total bandwidth of fiber link. The bandwidth allocation of
PQ-DBA scheme is described in detail as follows:

Step 1 : Bandwidth allocation to voice

The voice packet plays the highest priority of service since it
is strictly delay sensitive. Denote the allocated bandwidth to
voice packets in Q0,i by G ′

0,i . Based on the predicted occu-
pancy of Q0,i , P0,i , and the total bandwidth B, G ′

0,i is given
by

G ′
0,i =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

P0,i , if
M∑

i=1
P0,i ≤ B,

B × P0,i
M∑

i=1
P0,i

, elsewhere.
(15)

Step 2 : Bandwidth allocation to video packets with the sec-
ond and the third priorities

To ensure the QoS requirements of video packets, the PQ-
DBA secondly allocates the bandwidth to the video packets,
which will be dropped if they are not transmitted at the next
cycle. Denote G ′

1,i as the allocated bandwidth to video pack-
ets with the second and the third priorities in Q1,i . Based on
the reported video packet with problem of dropping probabil-
ity and delay, Ld,i , Ldp,i , and the residual bandwidth of fiber
link, B−∑M

i=1 G ′
0,i , theallocatedbandwidth tovideopackets

with the second and the third priorities G ′
1,i is given by

G ′
1,i =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ldp,i , if B −
M∑

i=1
[G ′

0,i ] ≥
M∑

i=1
Ldp,i ,

Ld,i + (B −
M∑

i=1
[G ′

0,i + Ld,i ])+ × Ldp,i −Ld,i
M∑

i=1
(Ldp,i −Ld,i )

, if
M∑

i=1
Ld,i < B −

M∑
i=1

G ′
0,i <

M∑
i=1

Ldp,i ,

(B − ∑M
i=1 G ′

0,i )
+ × Ld,i

M∑
i=1

Ld,i

, if B −
M∑

i=1
G ′

0,i ≤ ∑M
i=1 Ld,i .

(16)

Step 3 : Bandwidth allocation to data packets with the
fourth priority
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The PQ-DBA continues to allocate the bandwidth to the
data packets whose waiting time exceeds the starvation–
threshold time T ∗

d , to ensure QoS requirement of data service
and avoid starvation. Denote G ′

2,i as the allocated bandwidth
in Q2,i . Based on the amount of reported data packets con-
sidering starvation, Lw,i , and the residual bandwidth of fiber

link, B −
M∑

i=1
[G ′

0,i + G ′
1,i ], G ′

2,i is given by

G ′
2,i =

{
Lw,i , if B − ∑M

i=1[G ′
0,i + G ′

1,i ] >
∑M

i=1 Lw,i ,

(B − ∑M
i=1 [G ′

0,i + G ′
1,i ])+ × Lw,i∑M

i=1 Lw,i
, elsewhere.

(17)

Step 4 : Bandwidth allocation to video packets with the fifth
priority

The PQ-DBA assigns the bandwidth to the unallocated
video packets. Denote G ′′

1,i as the allocated bandwidth to
video packets with the fifth priority in Q1,i . Based on the
amount of unallocated video packets, P1,i − G ′

1,i , and the

residual bandwidth of fiber link, B − ∑M
i=1[G ′

0,i + G ′
1,i +

G ′
2,i ], G ′′

1,i is given by

G ′′
1,i =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

P1,i − G ′
1,i , if B −

M∑
i=1

[G ′
0,i + G ′

1,i + G ′
2,i ] >

M∑
i=1

(P1,i − G ′
1,i ),

(B −
M∑

i=1
[G ′

0,i + G ′
1,i + G ′

2,i ])+ × P1,i −G ′
1,i

M∑
i=1

(P1,i −G ′
1,i )

, elsewhere.
(18)

Step 5 : Bandwidth allocation to data packets with the sixth
priority

The PQ-DBA assigns the bandwidth to the unallocated
data packets. Denote G ′′

2,i as the allocated bandwidth to data
packets with the sixth priority in Q2,i . Based on the amount of
unallocated data packets, P2,i − G ′

2,i , and the residual band-

width of the fiber link, B −
M∑

i=1
[G ′

0,i + G ′
1,i + G ′

2,i + G ′′
1,i ],

G ′′
2,i is given by

G ′′
2,i=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

P2,i−G ′
2,i , if B−

M∑
i=1

[G ′
0,i+G ′

1,i+G ′
2,i+G ′′

1,i ]

>
M∑

i=1
(P2,i − G ′

2,i ),

(B − ∑M
i=1 [G ′

0,i+G ′
1,i+G ′

2,i+G ′′
1,i ])+

× P2,i −G ′
2,i

M∑
i=1

(P2,i −G ′
2,i )

, elsewhere.

(19)

Step 6 : Residual bandwidth allocation

Finally, the PQ-DBA assigns voice and video packets pro-
portionally, sharing the residual bandwidth based on their
predicted queue occupancy to make the best use of the band-
width and guarantee QoS further. Denote G ′′

0,i and G ′′′
1,i

as the allocated residual bandwidth per voice packets in
Q0,i and video packets in Q1,i , respectively. Based on the
predicted queue occupancy, P0,i , P1,i and the residual

bandwidth, B −
M∑

i=1
[G ′

0,i + G ′
1,i + G ′

2,i + G ′′
1,i + G ′′

2,i ],
G ′′

0,i and G ′′′
1,i are given by

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

G ′′
0,i = (B −

M∑
i=1

[G ′
0,i + G ′

1,i + G ′
2,i + G ′′

1,i

+G ′′
2,i ])+ × P0,i∑M

i=1 (P0,i +P1,i )
,

G ′′′
1,i = (B −

M∑
i=1

[G ′
0,i + G ′

1,i + G ′
2,i + G ′′

1,i

+G ′′
2,i ])+ × P1,i∑M

i=1 (P0,i +P1,i )
.

(20)

Step 7 : GATE message generation

Based on the allocated bandwidth, G ′
0,i , G ′

1,i , G ′
2,i , G ′′

0,i ,
G ′′

1,i , G ′′
2,i and G ′′′

1,i , the final granted bandwidth in GATE
message G0,i , G1,i , and G2,i for ONUi are given by
⎧
⎨

⎩

G0,i = G ′
0,i + G ′′

0,i ,

G1,i = G ′
1,i + G ′′

1,i + G ′′′
1,i

G2,i = G ′
2,i + G ′′

2,i .

, (21)

The {G0,i , G1,i , G2,i } are included in the GATE message Gi ,
and the OLT sends the GATE message to the ONUi , 1 ≤ i ≤
M . Each ONU follows the information in the GATE mes-
sage to transmit its own packets. At the same ONU, if there
is some bandwidth left at some queues, the rest bandwidth
can be reallocated to other queues of the same ONU. The
PQ-DBA scheme not only decreases packet delay and packet
dropping probability but also increases bandwidth efficiency.

4 Simulation results and discussions

An event-driven packet-based simulation is elaborated to
show the performance comparison among three upstream
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transmission schemes: the proposed PQ-DBA, the proposed
PQ-DBA but without prediction, and the DBAM [9]. In the
simulations, the considered EPON system is in an OLT with
32 ONUs connected configuration, and there is one 1:32 split-
ter located at 20 km away from OLT, and at 5 km distance
to each ONU. The downstream rate RE = 1 Gbps, and the
upstream rate RU = 100 Mbps. Each queue in ONU is with the
same buffer space of 1 Mb. The guard time for laser ON/OFF
between each ONU transmission is set to 1µs. For simulation
convenience, the system cycle and the prediction interval of
all ONUs are assumed to be fixed at 0.72 ms. Every simula-
tion result includes 100 simulation cycles, and each of which
contains 1,000 updating periods. As for the PRNN predictor,
parameters are selected as: N = 2; p = 4; q = 2; and
ξ = 0.99 [14].

The voice traffic source is modeled as two-state Markov
modulated deterministic process (MMDP) with α and β as
the transition rates. The mean durations of talk spurts and
silence periods are assumed to be exponentially distributed
with 1/α = 1 s and 1/β = 1.35 s, respectively. Assume the
voice traffic is packetized in the ONU by placing 24 bytes of
data in a packet. By adding the overhead such as Ethernet,
UDP (User Data Protocol) and IP (Internet Protocol) head-
ers in a packet, the packet results in a 70-byte of frame. The
generation rate of voice packets is constant bit rate (CBR)
on every 125µs during talk spurts (ON state), but none dur-
ing silence (OFF state). On the other hand, the highly burst
video and data packets are modeled by a superposition of K
independent and identical ON-OFF Pareto-distributed source
in order to generate self-similar and long-range dependence
(LRD) traffic. The typical mean ON period of the Pareto
distribution is 7.2 s with a “heaviness” of ρ = 1.4 for rela-
tionship to Hurst parameter of 0.8, and the typical mean
OFF period is 10.5 s with a “heaviness” of ρ = 1.2 [18].
The packet sizes are uniformly distributed between 64 and
1,518 bytes. The traffic arrival rates for each ONU are set as
follows: (i) voice service: 4.48 Mbps with CBR, (ii) video
service: variable bit rate (VBR) at 0.55–15.55 Mbps, (iii)
data service: VBR at 0.28–7.67 Mbps.

The voice delay criterion is according to the ITU-T Rec-
ommendation G.114: 1.5 ms for “one way transmission time”
in access network. The voice dropping probability is set
to zero. The video packet delay requirement T ∗

d , the video
packet dropping probability requirement P∗

d , and the data
packets starvation–threshold time T ∗

w , are defined as 10 ms,
1%, and 500 ms, respectively. For DBAM [9], here we set the
SLA of the DBAM scheme the same QoS requirement as the
PQ-DBA scheme.

Figure 2 shows the system utilization versus the traffic
intensity. Under the QoS constraint, it can be found that
the proposed PQ-DBA has higher system utilization than the
DBAM and the PQ-DBA without prediction by an amount of
4, and 2% in average, respectively. It is because the PQ-DBA
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Fig. 3 The average voice packet delay versus traffic intensity

and the PQ-DBA without prediction allocate bandwidth step
by step to six priorities, rather than the DBAM by a lim-
ited bandwidth allocation (LBA)to each class in advance.
The PQ-DBA and the PQ-DBA without prediction dynam-
ically promote some video packets cycle-by-cycle to avoid
packet dropping due to the violation of delay requirement,
whereas the DBAM scheme just applies priority queueing.
Moreover, the PRNN/ERLS also helps the PQ-DBA scheme
to enhance the efficiency of bandwidth allocation by provid-
ing more precise estimation and thus more accurate allocation
bandwidth for ONUs than the PQ-DBA without prediction
and the DBAM scheme with linear prediction.

Figure. 3 shows the average voice packet delays versus
traffic intensity. It can be observed that as traffic intensity is
larger than 0.3, the average voice packet delay of the PQ-DBA
outperforms by about 21 and 26% in average over the DBAM
scheme and the PQ-DBA without prediction, respectively. It
is because the PQ-DBA with PRNN/ERLS makes a precise
prediction for new voice packet arrivals during each pre-
diction interval. The DBAM also adopts prediction, but the
prediction is linear, which would be less sophisticated than
the nonlinear PRNN/ERLS. Notice that the three schemes
have the voice packets as the first priority to serve.

Figure 4 shows the average video packet delay versus the
traffic intensity. It can be observed that the video packet
delays of the three schemes are within the delay require-
ment when the traffic intensity is below 0.9. The PQ-DBA
with PRNN/ERLS improves the video packet delay time by
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Fig. 5 The average data packet delay versus traffic intensity

about 90% better than that in DBAM scheme (and 29% over
PQ-DBA without prediction) when the traffic intensity is
below 0.8. It is because the PQ-DBA makes the video packet
with the problem of delay requirement be transmitted with a
higher priority in order to decrease the delay and satisfy the
dropping probability. When the traffic intensity exceeds 0.9,
the average video packet delay for PQ-DBA and PQ-DBA
without prediction is close to the video delay requirement.
It is because the burst data packets with starvation condition
are greatly increased and could be sent prior to normal video
packets.

Figure 5 illustrates the average data packet delay versus
the traffic intensity. The starvation ratio is defined as the
proportion of the number of data packets with a delay time
exceeding the T ∗

w among the transmitted data packets. It can
be found that when the traffic intensity is larger than 0.8, the
data starvation in DBAM happens earlier than that in the
PQ-DBA scheme and PQ-DBA without prediction. It is
because the priority of data packets can be promoted
by considering the starvation–threshold requirement in the
PQ-DBA scheme and PQ-DBA without prediction, but is the
lowest by priority queueing in the DBAM scheme. When the
traffic intensity is larger than 0.9, the data packet delay time
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Fig. 6 The average video packet dropping probability versus traffic
intensity

increases apparently in the PQ-DBA and PQ-DBA without
prediction. It is because the data packets are the lowest pri-
ority, and the system does not have enough bandwidth to
support the greatly increasing of the burst data arrivals, the
starvation occurs.

Figure 6 illustrates the average video packet dropping
probability versus the traffic intensity in EPON. The video
packet dropping probability plays an index role of video ser-
vice degradation; a high quality transmission must be ensured
otherwise the mosaic phenomenon might be happened due to
low networking QoS. Unfortunately, the video packet drop-
ping probability in DBAM cannot be satisfied, due to it adopts
LBA by setting an upper bound of grants to video packets, and
inaccurate linear class-based traffic prediction. However, the
average video dropping probability of the PQ-DBA scheme
and PQ-DBA without prediction is almost zero when the traf-
fic intensity is below 0.8. It is because the priority of video
packets with the problem of delay requirement can be raised
in both the PQ-DBA scheme and PQ-DBA without predic-
tion scheme. When the traffic intensity is larger than 0.8, the
average video dropping probability exceeds the video drop-
ping probability requirement due to the fiber link capacity
limitation.

5 Conclusion

In this article, a PRNN/ERLS-based predictive QoS-pro-
moted dynamic bandwidth allocation (PQ-DBA) algorithm
has been proposed for EPON upstream transmission. Specif-
ically, the PQ-DBA promotes packets to higher priority by
QoS control and then performs bandwidth allocation based
on the priorities from the highest to the lowest, which guar-
antees the QoS requirements of real-time services while pre-
serving the grade of service of the non-real-time packets.
Moreover, thanks to the nonlinear PRNN/ERLS predictor
[15] with high accuracy and fast convergence, the PQ-DBA
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accurately predicts the burst traffic and thus significantly
improves the system efficiency. Simulation results show that
the PQ-DBA scheme achieves the highest system throughput,
lowest delay and guarantees the stringent QoS requirement
of video packets, which outperforms DBAM and PQ-DBA
without prediction.
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