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ABSTRACT In this paper, a fair resource allocation mechanism based on user satisfaction in multiple
optical line terminal (multi-OLT) virtual passive optical network (VPON) is proposed. By introducing
user satisfaction functions, the satisfaction of users can be quantified. By presenting multi-OLT VPON in
metro-access optical network (MAON), different priority services can be effectively handled separately.
Based on user satisfaction, a fair resource allocation mechanism called double fair dynamic bandwidth
allocation scheme (DFDBAS) is proposed. DFDBAS is a combination of two algorithms: wavelength
fair allocation (WFA) algorithm and timeslot fair allocation (TFA) algorithm. In TFA algorithm, max-
min fairness (MMF) algorithm is presented to allocate bandwidth for high priority service and Lagrange
multiplier method is implemented to allocate bandwidth for low priority service. By implementing DFDBAS,
not only user delay satisfaction can be improved, but also user bandwidth satisfaction can increase. By the
simulation and analysis, the effectiveness of the proposed algorithms is demonstrated. Compared with
modified limited service (LS) algorithm, DFDBAS makes both delay satisfaction and bandwidth satisfaction
increase by at least 30% when the load is greater than 1.

INDEX TERMS User satisfaction, multi-OLT PON, max-min fairness, dynamic bandwidth allocation,

virtual passive optical network.

I. INTRODUCTION

As we all know, passive optical network has been widely
used in access network. With the rapid growth of network
traffic, the traditional time division multiplexing passive opti-
cal network (TDM-PON) will not meet people’s demand
for bandwidth. TDM-PON has a single optical line ter-
minal (OLT) and a single wavelength. As an alternative,
multi-OLT-based PON will be a good selection to solve the
above problem [1]-[4]. On the other hand, as an effective
solution to improve the utilization of network resources,
virtual PON (VPON) has been deeply studied. To real-
ize virtualization in multi-OLT PON, a virtual multi-OLT
PON system is proposed to improve the system perfor-
mance [2]. When user traffic is large, there will be multiple

The associate editor coordinating the review of this manuscript and

approving it for publication was San-Liang Lee

VOLUME 8, 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

subsystems in VPON system, especially in virtual multi-OLT
PON system. At present, the related research on multi-
subsystem-based VPON is scarce. In [5] and [6], we proposed
a (multi-subsystem)-based virtual passive optical network
(MS-VPON) in metro-access optical network (MAON)
which can implement the syncretism of multiple systems
such as TDM-PON, wavelength division multiplexing pas-
sive optical network (WDM-PON), and orthogonal frequency
division multiplexing passive optical network (OFDM-PON).
In [7], an optical network unit (ONU) transfer mechanism is
put forward to share remaining bandwidth between subsys-
tems. In [8], a two-stage bandwidth-allocated algorithm is
proposed in the MS-VPON that can achieve the syncretism
of multiple systems such as TDM-PON, WDM-PON, and
OFDM-PON. As one of the evaluation indicators of network
performance, user satisfaction also accounts for an increasing
proportion in the network. As far as the current research is
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concerned, the utility function is mainly used to quantify
user satisfaction. In [9], a utility-based resource allocation
algorithm is proposed. This algorithm solves the problem
of network utility maximization by using Karush—-Kuhn—
Tucker (KKT) conditions. In [10], a unified user satisfaction
function is proposed, which normalizes multiple network
parameters into the same function for calculation. However,
these researches are studied in wireless network. In PON,
the research for user satisfaction with utility function is
rear. In [11], fair excess-dynamic bandwidth allocation (FEx-
DBA) is presented for bandwidth allocation in long reach
PON. This algorithm considering allocated bandwidth aims
at network utility maximization. Moreover, the resource allo-
cation algorithm in PON is widely studied, especially in PON
data center architecture in recent years [12]-[14]. In [12]
and [13], mixed integer linear programming (MILP) models
are utilized to implement resource allocation and improve
the network performance in PON-based data center network.
In [14], a multi-objective genetic algorithm (GA) is proposed
to dynamically forecast the resource utilization and energy
consumption in cloud data center.

In PON, the indicator associated with user satisfaction is
only the amount of bandwidth allocated currently. However,
not only allocated bandwidth affects user satisfaction, but
also network delay influences user satisfaction. In this paper,
a bandwidth allocation scheme called double fair dynamic
bandwidth allocation scheme (DFDBAS) is proposed to
improve user satisfaction in multi-OLT VPON. To better
allocate network resources, DFDBAS consists of two parts:
wavelength fair allocation (WFA) algorithm for better user
delay satisfaction, and timeslot fair allocation (TFA) algo-
rithm for better user bandwidth satisfaction. Through the pro-
posed allocation scheme, user satisfaction can be improved,
and quality of service (QoS) can also be guaranteed.

This paper is divided into the following sections. Section II
proposes user satisfaction functions in multi-OLT VPON.
Section III presents a resource allocation scheme for different
priority services in multi-OLT VPON. Section IV is the simu-
lation and performance analysis. Section V is the conclusion
of this paper.

II. USER SATISFACTION FUNCTION
In the access network, user satisfaction is mainly related to
two network parameters: transmission delay and allocated
bandwidth for users. According to the characteristics of ser-
vices in the access network, the services transmitted by users
can be divided into three priorities: expedited forwarding
(EF), assured forwarding (AF) and best effort (BE). In order
to quantify the user satisfaction of two different dimensions,
the delay satisfaction function and bandwidth satisfaction
function are presented in this section.

EF service is a constant bit rate service and has the charac-
teristics of low latency. The delay satisfaction function of EF
service is shown as follows:

1 + e—adm

Udelay_EF (d)= m

ey
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This satisfaction function is a sigmoid function. In (1), d is
the user’s transmission delay. § is the parameter that controls
the shape of the curve. dy, is the user’s satisfaction delay.
When the actual transmission delay is lower than dy,, the
user satisfaction will be relatively large. Otherwise, the user
satisfaction will be relatively small. For AF and BE services,
their requirements for delay are not as high as those of EF
service. Their delay satisfactions can be expressed by one
delay satisfaction function:

Udelay_aF_Be(d) = ¢~ 2

This satisfaction function is an exponential function. In (2),
8 controls the shape of the curve. Since the priority of AF
service is higher than that of BE service, the § value of
AF service is smaller than the § value of BE service. The
delay satisfaction functions of three priority services can be
intuitively shown in Fig. 1.

EF service

AF service

Satisfaction

BE service

Delay

FIGURE 1. Delay satisfaction functions of three priority services.

Unlike delay satisfaction function, bandwidth satisfaction
function is an increasing function. For EF and AF services,
their bandwidth satisfactions can be uniformly expressed by
one function, as shown in (3):

1

[+ 0D ©

Ubw_EF_AF(D) =

This satisfaction function is a monotonically increasing sig-
moid function. b is the amount of bandwidth allocated to users
in (3). § is a parameter that controls the shape of the function.
Since EF service is a constant bit rate service, as long as the
allocated bandwidth reaches the request bandwidth, the corre-
sponding user will be satisfied. Conversely, the corresponding
user will be particularly dissatisfied. Therefore, § value of
EF service should approach infinity. by, represents user’s
request bandwidth. The bandwidth satisfaction function of
EF service approximates a step function. AF service also has
higher bandwidth requirements, so users can be more satis-
fied when the allocated bandwidth is greater than the guar-
anteed bandwidth. When the allocated bandwidth reaches
the request bandwidth, user satisfaction is close to 1. The §
of AF service should not be too large. by, represents user’s
guaranteed bandwidth. Specific parameter settings for EF and
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TABLE 1. Parameter settings of bandwidth satisfaction function.

Parameter EF service AF service
S Large Not too large
b, Request bandwidth Guaranteed bandwidth

AF services are shown in Table 1. BE service does not have
high requirement for bandwidth. Therefore, a monotonically
increasing exponential function can be used to express the
bandwidth satisfaction of BE service:

Upw BE(b) = 1 — &7 )

where 6 controls the shape of the function. The bandwidth sat-
isfaction functions of three priority services can be intuitively
shown in Fig. 2.
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FIGURE 2. Bandwidth satisfaction functions of three priority services.

Ill. DOUBLE FAIR DYNAMIC BANDWIDTH ALLOCATION
SCHEME

For users, every network performance can be reflected in
user satisfaction indicators. For the previous passive access
network, users’ bandwidth requirements are difficult to meet,
so that the allocated bandwidth is the main indicator of user
satisfaction. However, with the continuous expansion of the
network scale, user satisfaction is not only related to the
allocated bandwidth. Aiming at this network scenario, this
section first proposes the multi-OLT VPON architecture in
MAON. Secondly, according to the expansion of the user
satisfaction indicator in the previous section, a bandwidth
allocation scheme with dual granularity called double fair
dynamic bandwidth allocation scheme (DFDBAS) is pro-
posed. For wavelength granularity, the WFA algorithm is used
to optimize delay satisfaction. For timeslot granularity, the
TFA algorithm is used to optimize bandwidth satisfaction.

A. MULTI-OLT VPON IN MAON

A multi-OLT VPON architecture in MAON is shown in
Fig. 3. This architecture mainly contains a central node (CN),
several flexible control nodes (FCNs) and numbers of ONUs.
CN is the control center and is responsible for the centralized
management of whole MAON. As a major role in communi-
cation with the core network, CN is located at the intersection
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FIGURE 3. Multi-OLT VPON architecture in metro-access optical network.

of the core fiber ring and the metro-access fiber ring. FCN is
the control node of VPON, which consists of remote node
(RN) and multiple OLTs. With the existence of RN, ONU
can be connected to any OLT via wavelength routing. Thus,
ONU can realize flexible access under different VPONSs.
Meanwhile, wavelength resources can be allocated to each
VPON along the metro-access fiber ring because of RN. Each
OLT in one FCN and the ONUs it controls together form a
VPON subsystem. One OLT handles the services of a single
subsystem, making the operation more efficient. FCN is a vir-
tual structure, and the number of OLTs it controls internally
is flexible. When the VPON needs to be reconstructed, the
number and type of OLTs in an FCN may change. During the
operation of VPON, the number and type of OLTs will not
change. It is worth mentioning that OLTs that are far apart
can also be combined in one FCN to form a VPON. In this
architecture, different VPONs can handle different types of
services, so that access network can be more flexible for
service processing under high network load.

B. WAVELENGTH FAIR ALLOCATION ALGORITHM

A wavelength allocation algorithm with variable polling cycle
is presented in order to satisfy user’s delay requirement.
According to the delay satisfaction functions proposed in
section 2, it can be seen that when the delay is small, the
delay satisfaction of EF service changes slowly. Thus, a load
Threshold loady, can be set. When the load of VPON is less
than loady,, there is no need to execute the wavelength fair
allocation algorithm. Instead, wavelengths are allocated to
various subsystems according to the proportion of services.
When the load is greater than loady,, the wavelength fair
allocation algorithm will be executed. WFA algorithm with
three priority services is shown in Fig. 4.

In this algorithm, a VPON contains two subsystems, which
are handled by two OLTs. ONUs transmitting the EF service
are put into subsystem 1. At the same time, ONUs transmit-
ting AF and BE services are put into subsystem 2. Each ONU
transmits a priority service. The ONU sets of EF service,
AF service and BE service are Sgr, SAr and Sgg. The request
bandwidth of ONU; is represented by R;. Thus, the total
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FIGURE 4. The flow chart of WFA algorithm.

request bandwidth can be expressed as follows:

Row = Y Ri+ Y R+ Y R &)

i€SEF i€SAF €S

When the total request bandwidth is less than the available
bandwidth, just enough wavelength resources are preferen-
tially allocated to subsystem 2. Then all the remaining wave-
length resources are allocated to subsystem 1. At this time,
the amount of wavelengths assigned to subsystem 1 can be
achieved as follows:

(6)

Wi =W - [ZiESAF Ri+ > iy Ri—‘

C

where the amount of wavelengths assigned to subsystem 1 is
Wi. The amount of wavelength resources in a multi-OLT
VPON is W. The capacity of a single wavelength is C. When
the total request bandwidth is greater than the available band-
width, the corresponding wavelength resources are assigned
to each subsystem in proportion to the request bandwidth.
If the amount of allocated wavelengths is not an integer, the
amount of wavelengths rounded up is allocated to subsystem
1. Thus, the amount of wavelengths assigned to subsys-
tem 1 can be derived as follows:

M—‘ (7

W, = ’7W .
Riotal

After assigning wavelengths to each subsystem, a reason-
able ONU arrangement algorithm needs to be designed to
minimize the ONU polling cycle. Taking subsystem 1 as an
example, the pseudo code of the ONU arrangement algorithm
is shown in Fig. 5. Firstly, arrange the ONUs in subsys-
tem 1 in descending order according to the request bandwidth.
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1: sort(Sgr) in descending order

2: sort(Syy1) in descending order according to remaining bandwidth
3: while Sgz # 0, do:

4:  fori=1to Wl:

5: if Ronui > Buavetengt ni- d0:

6: break

7: allocate ONU; to wavelength;
8: if Sgr =0, do:

9: break

10:  remove allocated ONU from Sgp
11:  sort(Sy4) in descending order according to remaining bandwidth
12: end

FIGURE 5. The pseudo code of the ONU arrangement algorithm.

Meanwhile, the wavelengths assigned to subsystem 1 are
also sorted in descending order according to the remaining
bandwidth of the wavelength. Secondly, take the first W
ONUs and place them on each wavelength in the order of
the sorted wavelengths. After placement, the wavelengths
are sorted in descending order according to the remaining
bandwidth of the wavelength again. After that, place the next
W1 ONUs on these wavelengths in sequence. Finally, repeat
these steps until all ONUs are allocated or there is not enough
remaining bandwidth for ONUs.

C. TIMESLOT FAIR ALLOCATION ALGORITHM

The purpose of the timeslot fair allocation algorithm is
to make users achieve optimal bandwidth satisfaction.
This algorithm is operated after allocating the wavelength
resources of multi-OLT VPON. Since there are two sub-
systems inside VPON, the timeslot fair allocation algorithm
contains two parts: timeslot allocation for EF service in sub-
system 1 and timeslot allocation for AF and BE services in
subsystem 2.

1) ALGORITHM IN SUBSYSTEM 1
EF service is the highest priority service. Therefore, not
only high user satisfaction needs to be satisfied, but fairness
among users also needs to be ensured. Thus, max-min fairness
(MMF) strategy is introduced to allocate timeslots for EF
services [15]. The flow chart of the bandwidth allocation
algorithm for EF service is shown in Fig. 6. Specific steps
are described as follows.

The weight of ONU can be expressed by the following
matrix:

Q=[wi wr ... owy] ®)

where wj is the weight of ONU;, and N is the number of ONUs
in subsystem 1. The request bandwidth of ONUs can also be
expressed by a matrix:

Rep=[R1 Ry, ... Ry] 9

where R; is the request bandwidth of ONU;. The total avail-
able bandwidth of subsystem 1 is B2 If Bicial > va: | Ri,
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FIGURE 6. The flow chart of the bandwidth allocation algorithm for EF
service.

it means that the bandwidth in subsystem 1 is sufficient.
Therefore, the bandwidth allocated to each ONU is their
request bandwidth. If B%’It,“l < va: | Ri, it means that the
bandwidth in subsystem 1 is insufficient. The MMF algo-
rithm needs to be executed to allocate bandwidth. The spe-
cific process is described as follows:

Step 1: Divide the available bandwidth resources into N
shares according to the proportion of ONU weight. The avail-
able bandwidth resources after dividing can be illustrated by
a matrix:

Bremain 3 :
Bl — Q. < — [Bllnz Bgn Bi,re] (10)
i=1 @i
where B™™M" is the bandwidth that is available in subsys-
tem 1. BP™ is the amount of bandwidth pre-allocated to ONUj
after dividing resources.

Step 2: Compare each ONU’s pre-allocated bandwidth BP™®
with its request bandwidth Rgg. For ONUj, if Bf " > R;, only
allocate to R; bandwidth to ONU;. Otherwise, allocate B,
bandwidth to ONU;. The amount of the allocated bandwidth

can be calculated by the following formula:
Bllocate — min(BY™, R;) (11)

After traversing all ONUs, calcglate the sum of remain-
ing bandwidth and set it to B™™" Meanwhile, update the
request bandwidth matrix Rgp:

Rgr =: Rgp — Ballocate (12)

Step 3: Reallocate bandwidth to ONUs. If Bremain - ()
it means some ONUs have been satisfied and other ONUs
have been allocated bandwidth but not satisfied. Meanwhile,
there are bandwidth left after step 2. Divide B™™" jnto N
shares just like Step 1. However, the difference from step 1 is
that the number of shares N here is the number of ONUs
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that have not been satisfied. Then, repeat step 1 to allocate
bandwidth. If B < () jt means that the bandwidth
allocation is completed and turn to step 4.

Step 4: End the MMF algorithm and complete the band-
width allocation of EF service.

2) ALGORITHM IN SUBSYSTEM 2

AF and BE services are transmitted in subsystem 2. The prior-
ities of these services are low. In addition, their requirements
for fairness are not as high as EF service. Therefore, the
bandwidth allocation algorithm with utility maximization is
implemented to allocate timeslots in subsystem 2. The flow
chart of the bandwidth allocation algorithm for AF and BE
services is shown in Fig. 7. Specific steps are described as
follows.

t t
BIt = R, BL{]V — ppin

Allocate guaranteed
bandwidth B;m't

< <t

Excess bandwidth
allocation

FIGURE 7. The flow chart of the bandwidth allocation algorithm for AF
and BE services.

Step 1: Allocate guaranteed bandwidth. The guaranteed
bandwidth is the smaller of the ONU’s request bandwidth
and the minimum allocated bandwidth. It can be derived as
follows:

BY" = min(R;, B"™) (13)

where B;“i“ is the minimum allocated bandwidth of ONU;
according to service level agreement (SLA). R; is the aver-
age request bandwidth of ONU; in last T cycles. R; can be
achieved as follows:

T
— 1
Ri=— >R (14)
=1
where R! is the amount of request bandwidth in the t™ polling
cycle.
134711
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Step 2: Allocate excess bandwidth. After allocating guar-
anteed bandwidth, the total remaining bandwidth B®*¢®$S in
subsystem 2 and the remaining request bandwidth R7*“*** of
each ONU will be calculated. If B¢¢** > R{*°°*S_ it means
that the bandwidth of subsystem 2 is sufficient to meet the
needs of each ONU. Thus, allocate the remaining request
bandwidth to each ONU. If B#¢** < RT*°®*S it means that the
bandwidth is insufficient. Allocating additional bandwidth
for the purpose of utility maximization is necessary. The
problem is abstracted into the following mathematical model:

max : Z w; - th_AF(bi+Bfrt)+Z wj - Ubw_BE(bj—FB}grt)

ieSar JESBE
Z bi + Z bj < pexcess
i€SAF JESEF

0<bi <R —B, YieSar (15

Ofbijj—B}grt, Vj € Spe
To solve this problem, Lagrange multiplier method can be
used. Substituting the expression of the utility function into

the objective function in (15), the objective function can be
derived as follows:

f0)=3 o —

—8(bj+B5")
E wi-[1—e I

. 1 al(bm*bi*Bg”) + J [ ]
i€Sar +é t

JESBE

(16)

The Lagrange function established based on (15) is given as
follows:

Fb,x,y,2) = —f(b) + x( Z b + Z bj _ pexcess)

i€SAF JESEF
grt
+ > yij-bij—Rij+ B
I€SAF JESEF

i

i€Sar.j€SEF

Zij-bij a7

After establishing the Lagrange function, the constrained
extremum problem will be converted into an unconstrained
extremum problem. Partial derivation of F(b, x, y, z) to b, X,
y, z respectively can derive the results we want. The partial
derivative equation is given as follows:

0F (b, x,y,z)
b B
OF(b,x,y,2) 0
> -
OF(b.x,y.2) 0 (18)
ay N
dF (b, x,y,2) 0
0z B

From (18), the optimal solution b’ of the allocated bandwidth
can be obtained. The additional allocated bandwidth of ONUj
in subsystem 2 is b.

Step 3: Perform bandwidth allocation to ONUj. The total
allocated bandwidth is the sum of guaranteed bandwidth and
excess allocated bandwidth. The guaranteed bandwidth is
B‘ign and it can be obtained in step 1. The excess allocated
bandwidth is bi’ and it can be obtained in step 2.
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IV. SIMULATION AND PERFORMANCE ANALYSIS

The DFDBAS algorithm used in multi-OLT VPON is eval-
uated with MATLAB. The simulation parameters are set as
follows. The number of OLTs in a multi-OLT VPON is 2.
The number of ONUs is 64. The number of wavelengths in
the VPON is 16. The single wavelength transmission rate is
10Gbps. The guard time (Tg) is 1us. The maximum polling
cycle (Teycle) is 2ms. For each ONU, its round trip time
(RTT) is 100us. The sizes of the generated packets sent by
ONUs are evenly distributed between 64 and 1518 bytes. The
time interval for ONUs to generate data packets follows the
Poisson distribution. Three sets of experiments with different
service ratios are set for better comparison. They are: (1) EF:
AF: BE=1: 1: 1; (2) EF: AF: BE=3:2: 1; (3) EF: AF: BE=6:
2: 1. Moreover, the modified version of LS algorithm is
chosen for comparison with the DFDBAS algorithm [3]. The
limited service (LS) algorithm is a typical upstream band-
width allocation algorithm. LS grants each ONU its requested
bandwidth, but no more than the threshold Wy = B/ /N .
Compared with other algorithms, it has the characteristics
of low latency and high bandwidth utilization. In multi-OLT
PON, LS is modified to transmit multi-wavelength services
to multiple OLTs. In the simulation, the performance of these
two algorithms on user’s delay satisfaction and bandwidth
satisfaction is mainly compared.

80

+EF (1:1:1) #AF,BE(1:1:1)
#EF (3:2:1) #AF,BE(3:2:1)

EF (6:2:1) AF,BE(6:2:1)
*LS

%

Average packet delay (ms)
=

0.8
10 20 30 40 50 60 70 80 90 100 110 120

Load (%)

FIGURE 8. Average packet delay of two algorithms.

Fig. 8 shows the average packet delay of the two algo-
rithms. For the DFDBAS algorithm, there are three exper-
imental groups to simulate the delay of subsystem 1 and
subsystem 2 respectively. For the LS algorithm, the average
packet delay of the entire VPON is simulated. It can be seen
from Fig. 8 that the EF subsystem’s delay of the DFDBAS
algorithm is lower than the average delay of the LS algorithm.
Meanwhile, the delay of subsystem 2 by the DFDBAS algo-
rithm is higher than the average delay of the LS algorithm.
This is because WFA algorithm in the DFDBAS algorithm
causes frequent scheduling of wavelengths between the two
subsystems. The wavelength resources of subsystem 2 are
scheduled to subsystem 1, so that the delay of subsystem 2
rises. Furthermore, due to the uncertainty of the scheduling
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wavelength, the delay in subsystem 2 fluctuates greatly with
the change of the load. Moreover, for the DFDBAS algorithm,
as the proportion of EF service increases, the delay of subsys-
tem 1 will also decrease.

0.8

®WFA (1:1:1) ®WFA (3:2:1) ®WFA (6:2:1)

=
a

LS (1:1:1) LS (3:2:1) LS (6:2:1)

4
in

Delay satisfaction
=" =
w -

0.2

10 20 30 40 50 60 70 80 9 100 110 120
Load (%)

FIGURE 9. Delay satisfaction of two algorithms.

For delay satisfaction, the difference between the WFA
algorithm and the LS algorithm is compared. The comparison
is shown as Fig. 9. The delay satisfaction within a single
VPON is given as follows:
Satisfy_delay = C0.[ Z ;i * Ugelay_gr (d;)

.
. ZGSEF
i€SEF,SAF »SBE

+ > @ Udetay ar el (19)

JESAF BE

where w; is the user’s weight. The weight assigned to each
user in the simulation is randomly distributed between 0
and 1. The delay d; of each ONU has been standardized.
The values of Sgp in (1) and §af in (2) are set to 1. The
value of g in (2) is set to 5. The user’s satisfaction delay
dp in (1) is half the average packet delay under full load.
It can be known from Fig. 9 that when the load is lower than
0.75, the LS algorithm makes users more satisfied than the
WFA algorithm. When the load is higher than 0.75, the WFA
algorithm makes users more satisfied. It is because the delay
satisfaction of EF service changes slowly when the delay is
low. Therefore, it is not worth allocating more wavelength
resources to EF service. According to this, the load threshold
loady, mentioned in section 3.2 can take the value 0.75. When
the service ratio is balanced, compared with LS algorithm,
WFA makes delay satisfaction increase by at least 30% when
the load is greater than 1.

For bandwidth satisfaction, the two subsystems are con-
sidered separately. In Subsystem 1, the bandwidth allocation
method adopted is the max-min fairness allocation, and MMF
algorithm is used for bandwidth allocation. Here, another fair
bandwidth allocation algorithm called proportional fair (PF)
algorithm is chosen to compare with MMF algorithm. Fig. 10
shows user’s bandwidth satisfaction of two different algo-
rithms in subsystem 1. It can be seen from Fig. 10 that when
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FIGURE 10. Bandwidth satisfaction in subsystem 1.
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FIGURE 11. Allocated bandwidth in subsystem 2: (a) AF:BE=1:1;
(b) AF:BE=2:1.

the load is less than 1, the bandwidth resources of system 1 are
sufficient, so that all users can be satisfied. Therefore, no mat-
ter which allocation algorithm is used, user satisfaction is
always 1. When the load is more than 1, the bandwidth
resources are insufficient. The MMF algorithm can ensure
that as many users as possible get the maximum satisfaction.
Thus, the MMF algorithm can significantly improve band-
width satisfaction compared to the PF algorithm.

Two priorities of service are involved in subsystem 2, so the
Lagrange algorithm is used to allocate bandwidth. Similarly,
the bandwidth satisfaction in subsystem 2 can be expressed
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by (16). In (16), the values of §; and §, need to be limited.
If no restrictions are imposed, it may happen that all band-
width is allocated to BE service or AF service. Here, §; is
fixed to 1. Change the value of §,, and observe the bandwidth
allocated to BE service and AF service. The results are shown
in Fig. 11. The service ratio in Fig. 11 (a) is AF: BE=1: 1.
The service ratio in Fig. 11 (b) is AF: BE=2: 1. When the
load is less than or equal to 1, the bandwidth allocated to
users hardly changes with the change of §;. When the load
is greater than 1, as §, increases, more bandwidth is allocated
to AF service and less bandwidth is allocated to BE service.
This is because as &, increases, the amount of bandwidth
allocated to BE service will have a smaller impact on BE
bandwidth satisfaction. When §; is very large, we only need
very little bandwidth to satisfy the BE service. Therefore, the
bandwidth allocated to AF service is greater than the band-
width allocated to BE service. After that, user satisfaction can
reach a large value. On the contrary, when §; is very small,
we need large bandwidth to satisfy the BE service. Therefore,
the bandwidth allocated to AF service needs to be smaller
than the bandwidth allocated to BE service to reach a high
user bandwidth satisfaction. These two extreme situations are
obviously not very reasonable. From Fig. 10, it can be seen
that when &, is 1.5, the bandwidth allocated to AF service and
BE service is relatively balanced. Therefore, the value of 8
should be set to 1.5.

#DFDBAS(1:1:1) *LS(1:1:1)
0.8 #DFDBS(3:2:1) aLS(3:2:1)
@DFDBAS(6:2:1) #LS(6:2:1)

User satisfaction

0.6

0.5

0.4
10 200 30 40 50 60 70 80 9 100 110 120 130 140

Load (%)

FIGURE 12. Average user bandwidth satisfaction in multi-OLT VPON.

The average user bandwidth satisfaction of DFDBAS algo-
rithm and LS algorithm of in multi-OLT VPON is shown
in Fig. 12. When the load is less than 1, the bandwidth
resources of the system are sufficient, so that all users can
be satisfied. At this situation, the DFDBAS scheme will
directly allocate the bandwidth required by each ONU, and
will not execute the MMF algorithm and Lagrange multiplier
method. The bandwidth satisfaction of both scheme is 1.
When the load is greater than 1, the improvement of user
bandwidth satisfaction with DFDBAS algorithm is obviously
better than LS algorithm. Meanwhile, when system resources
are insufficient, the increase in the proportion of EF service
will reduce user bandwidth satisfaction. The reason is that
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EF service is a constant bit rate service. If the proportion
of EF service is large, a large number of users will not be
satisfied and their user bandwidth satisfaction will be low.
As a result, the average satisfaction of the system will also
decrease. Compared with LS algorithm, DFDBAS makes
average bandwidth satisfaction increase by at least 30% when
the load is greater than 1.

For LS scheme and DFDBAS scheme, the time complexity
of them needs to be analyzed and compared. For LS scheme,
it is an online polling algorithm, which needs to be exe-
cuted n times in a polling cycle (where n is the number of
ONUs). The time complexity in one polling cycle is O(n).
For DFDBAS scheme, it contains two parts: WFA algorithm
and TFA algorithm. WFA is divided into two steps. The first
step is wavelength allocation. Its time complexity is O(1).
The second step is ONU arrangement. It includes sorting
ONUs and determining the arrangement of ONUs at various
wavelengths. The ONU sorting algorithm is merge sorting,
and the time complexity is O(n log n). When determining the
arrangement of the ONU at each wavelength, the ONUs need
to be traversed, so the time complexity is O(n). From a macro
perspective, the time complexity of WFA is O(nlogn). TFA
can also be divided into two parts. The first part is the timeslot
allocation for EF service, and the second part is the timeslot
allocation for AF and BE services. The MMF algorithm is
used for timeslot allocation of EF service. The amount of
ONU request bandwidth is uncertain in each polling cycle,
so that the best time complexity of MMF is O(n), the worst
time complexity is O(n?), and the average time complexity
is O(nlogn). The Lagrange multiplier method is used for
the timeslot allocation of AF and BE services. Its time com-
plexity is related to the number of ONUs, which is O(n).
Therefore, the average time complexity of TFA is O(n log n).
After analysis, the average time complexity of the DFDBAS
scheme is O(nlogn). Although the time complexity of the
proposed scheme is slightly higher than the LS scheme,
DFDBAS can bring higher user satisfaction. Meanwhile, the
slight increase in complexity is not so unacceptable. Thus, the
DFDBAS scheme is reasonable and effective.

V. CONCLUSION

In this paper, a fair resource allocation mechanism based on
user satisfaction in multi-OLT VPON has been proposed.
Firstly, user satisfaction functions have been introduced to
quantify the satisfaction of users. Next, multi-OLT VPON in
MAON has been presented to handle different priority ser-
vices effectively. Then, a fair resource allocation mechanism
called DFDBAS has been proposed based on user satisfac-
tion. DFDBAS is a combination of two algorithms: WFA
algorithm and TFA algorithm. By implementing DFDBAS,
not only user delay satisfaction can be improved, but also
user bandwidth satisfaction can increase. Finally, the effec-
tiveness of the proposed algorithms has been demonstrated
by simulation and analysis. The simulation results show good
performances of DFDBAS in delay satisfaction and band-
width satisfaction. Compared with modified LS algorithm,
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DFDBAS makes both delay satisfaction and bandwidth sat-
isfaction increase by at least 30% when the load is greater
than 1.
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