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SUMMARY This study proposes a DBA that can reduce the maximum 

delay by 32.74% and 18.68% compared to the LS-ED and WDBA, 

respectively and maintain the Maximum Delay Fairness Index at a high 

level when overloaded ONUs exist. 
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1. Introduction 

Passive Optical Network (PON) has become a leading 

technology in broadband access networks due to its high 

bandwidth capacity and cost-effectiveness [1]. At the same 

time the variability in network usage is changing 

dramatically. This is because of discrepancies in volume of 

traffic and delay requirements depending on applications 

such as online gaming, online trading to IoT (internet of 

things) [2]. On the other hand, deployment of NG-PON2 has 

been reported giving operators the freedom to control 

wavelengths of transmission over current time-division 

multiple access (TDMA) [3],[4]. This also opens 

opportunity to serve business users through existing 

networks originally deployed for mass users. Against this 

background, it is of great interest to understand how to 

maintain fairness among users when allocating bandwidth as 

networks become more dynamic. Therefore, in NG-PON, 

the challenges are still concentrated on Dynamic Bandwidth 

Allocation (DBA). 

  For TDMA based PON, various approaches have been 

studied to maintain fairness when allocating bandwidth 

among optical network units (ONUs) while maintaining 

other parameters such as jitter, uplink utilization and 

computational complexity in acceptable values [5],[6]. 

Proportional dynamic bandwidth allocation was proposed 

to guarantee high fairness among ONUs where bandwidth 

proportional to the requested bandwidth is allocated to each 

ONU [7]. However, this approach has drawbacks of 

allowing overloaded ONUs to invade the bandwidth of 

underloaded ONUs. To avoid overloading the network by 

heavy users, Limited DBA was proposed where bandwidth 

allocation is kept under the limit value [5]. Limited DBA 

algorithm has drawbacks of causing some ONUs to 

consistently be in a state of insufficient bandwidth, while 

other ONUs have excess bandwidth that is not fully utilized.  

In this study, we propose a novel DBA to handle heavy 

users in PON while maintaining fairness. In the proposed 

DBA, network overloading by the heavy users is avoided 

through Max-Min strategy and fairness is maintained by 

giving higher priority to ONUs that were treated unfairly in 

previous cycle. We analyze performance of the proposed 

DBA using computer simulations and compare results with 

Limited scheme with excess distribution allocation (LS-ED) 

and Weight-based DBA (WDBA).  

The rest of this paper is organized as follows: We compare 

previously reported algorithms regarding fairness of DBA in 

section 2. Details of proposed algorithm is given in section 

3. Section 4 presents performance comparison of the 

proposed DBA algorithm against LS-ED and WDBA 

followed by a Conclusion in section 5.  

2. Related work 

Various DBA algorithms have been proposed to maintain 

fairness when allocating bandwidth to subscribers of PON. 

Here, we review some of those proposals and compare basic 

ideas for maintaining fairness in DBA.  

R. Kaur et al. proposed a Game Theoretic Bandwidth 

Allocation Scheme, which is based on the principle of 

proportionality [7]. In an ONU, there are four types of 

transmission containers (TCONTs) with different priorities. 

Here, we take TCONT Type 2 as an example for explanation. 

In the inter-ONU fairness scheme, the bandwidth allocated 

to the i-th ONU's TCONT Type 2 is proportional to the ratio 

of the requested bandwidth of that ONU's TCONT Type 2 to 

the sum of all ONUs' TCONT Type 2 requested bandwidth. 

This algorithm guarantees fairness in TCONT type 2 

bandwidth allocation. On the other hand, this algorithm 

ensures that all ONUs’ TCONT type 2 experience similar 

delays, but with a higher average delay. 

Similarly based on the principle of proportional allocation, 

K. Kantelis et al. proposed the Adaptive Protocol with 

Weights for Fair Distribution of Resources, which differs by 

allocating bandwidth according to the weight proportion of 

each ONU [8]. With the aim of providing fairness, the 

algorithm supervises the buffer occupancy of each ONU and 

in case this exceeds 50%, then the assigned weight of the 

ONU is updated by adding 0.25 units for every 10% of 

increase. First, the minimum guaranteed bandwidth is 

calculated based on the weights, and then the excess 

bandwidth is distributed to the unsatisfied ONUs according 
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to their weights. It lowers the chance of packet loss caused 

by buffer occupancy.  

To prevent overloaded ONUs from monopolizing uplink 

bandwidth, the Limited DBA was proposed. By setting an 

upper limit on the grant size, this approach prevents unfair 

bandwidth allocation while reducing latency. The LS-ED 

enhances the Limited DBA to boost statistical multiplexing 

while continuing to prevent ONUs from monopolizing the 

uplink. In the excess distribution schemes, the overloaded 

ONUs evenly utilize the unused or excess bandwidth left 

over by the underloaded ONUs [9]. Both the Adaptive 

Protocol with Weights for Fair Distribution of Resources 

and the LS-ED achieve relative fair bandwidth allocation, 

but the unused bandwidth is not efficiently utilized.  

To maintain a high fairness index of bandwidth allocation 

throughout the DBA operation, X. Bai et al. proposed the 

WDBA [10]. During the operation of WDBA, ONUs’ 

requests that are below the threshold are fully satisfied, and 

the threshold is updated accordingly. When ONUs’ requests 

exceed the threshold, the remaining bandwidth is equally 

distributed among the remaining ONUs. As a result, satisfied 

ONUs experience minimal delay, whereas unsatisfied ONUs 

experience significant delays. 

Considering drawbacks of previously proposed DBAs, we 

propose a novel DBA that focuses on current network 

conditions and reduces network delay while maintaining 

fairness by considering the data from the previous DBA 

cycle (request and allocation data).  The proposed DBA 

gives higher priority to ONUs that were previously treated 

unfairly, thereby maintaining the overall fairness of 

bandwidth allocation, and reducing the significant delay 

experienced by unsatisfied ONUs. 

3. Proposed DBA algorithm 

The basic idea of the proposed DBA is to prioritize ONUs 

that were treated unfairly in the previous cycle, granting 

them higher priority in the current cycle. This is 

implemented through prioritized requests. We refer to the 

proposed DBA algorithm as PR-DBA. 

Ai and Ri of Eq. 1 represent the uplink bandwidth resources 

allocated to the i-th ONU and the uplink bandwidth 

resources requested by the i-th ONU, respectively. Here xi is 

called as relative allocation. n is the number of ONUs 

participating in bandwidth allocation. xf represents the fair 

allocation mark, shown in Eq. 2. Dividing by n serves the 

purpose of calculating the average, to provide a benchmark 

for fair distribution during the bandwidth allocation process. 

ONU’s perception of fairness is defined in Eq. 3. For the i-

th ONU, the bandwidth allocation fairness is pi. By setting 

the upper limit of pi to 1, it prevents severely overloaded 

ONUs from encroaching on the bandwidth of underloaded 

ONUs, which would result in unfair bandwidth allocation. 

The prioritized request is defined as in Eq. 4, which is the 

real request multiplied by the ONU's perception of fairness. 

The prioritized requests contain two pieces of information: 

the ONUs' bandwidth requests and the degree of unfair 

treatment they received previously. These help reduce their 

delay and ensure their bandwidth requirements are met. The 

prioritized requests are sorted in ascending order. The 

sorting ensures that ONUs with smaller bandwidth requests 

or those who experienced unfair treatment in the previous 

cycle are given higher priority. 

𝑥𝑖 =
𝐴𝑖

𝑅𝑖
 (1) 

 

𝑥𝑓 =
∑ 𝑥𝑖

𝑛
𝑖=1

𝑛
 (2) 

 

𝑝𝑖 = 𝑚𝑖𝑛 (1,
𝑥𝑖

𝑥𝑓
) (3) 

 

𝑝𝑟𝑖𝑜𝑟𝑖𝑡𝑖𝑧𝑒𝑑 𝑅𝑖 = 𝑅𝑖 ∗ 𝑝𝑖  (4) 

The specific implementation process is as follows: 

Step 1: Calculate perception of fairness for each ONU 

according to the previous cycle information. 

Step 2: Calculate prioritized requests. 

Step 3: Sort the prioritized requests in ascending order. 

Step 4: Allocate the real requested bandwidth to each ONU 

according to the sorted order, until the remaining bandwidth 

divided by the remaining unallocated ONUs is less than the 

current last allocation. Then, distribute the remaining 

bandwidth among the remaining ONUs according to the 

proportion of their real requests. 

 
Fig. 1 Illustration of the PR-DBA operation steps. 

Fig. 1 illustrates the operation process of the PR-DBA. The 

lengths of the blue, yellow, and green rectangles represent 

the ONUs’ real requests, the ONUs’ prioritized requests, and 

the bandwidth allocated to ONUs, respectively. The last 

allocation refers to the current final bandwidth allocation. 

4. Performance Evaluation and Discussion 

Table 1  Simulation parameters. 
Parameter Value 

simulation length 1.5 s 

DBA cycle 

DBA guard time 

uplink transmission rate 

number of ONUs 

packet size 

traffic generator 

1.5 ms 

1 μs 

1 Gbps 

32 

500 bytes 

Poisson 
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We study the performance of the PR-DBA by simulating 

an EPON access network model. Table 1 lists the common 

simulation parameters used in our simulation. 

In this study, traffic delay is defined as the difference 

between the time packets arrive at the ONU buffer and the 

time they arrive at the OLT buffer. Simulation results are 

compared against the LS-ED and WDBA under 2 conditions: 

with overloaded ONUs and without overloaded ONUs.  

In this simulation, overloaded ONUs are defined as ONUs 

attempting to use more than 1.5-times the average uplink 

capacity. As the traffic load increases, we randomly increase 

the number of overloaded ONUs. Fig. 2 shows the number 

of overloaded ONUs under different traffic loads. The 

choice to add overloaded ONUs starting from a traffic load 

of 0.8 is due to the fact that, under lighter traffic loads, the 

uplink bandwidth is sufficient, and the impact of overloaded 

ONUs on bandwidth allocation is minimal. Overloaded 

ONUs usually experience significant delays. Therefore, the 

presence or absence of overloaded ONUs is of great 

importance for evaluating DBA algorithms.  

By setting the traffic load to 1.2 in the simulation, it is 

possible to observe how the delay in the uplink increases and 

how the system stability changes under heavy and uneven 

traffic loads conditions.  

Fig. 2 Number of overloaded ONUs vs traffic load. 

We compared maximum delay of the proposed algorithm 

with that of LS-ED and WDBA and results are presented 

in Fig. 3(a) and Fig. 3(b). Under the conditions without 

and with overloaded ONUs, the maximum delay for LS-

ED starts increasing first and grows the fastest with traffic 

load. This is because LS-ED sets a bandwidth allocation 

upper limitation for each ONU and evenly distributes the 

unused bandwidth, resulting in some bandwidth being 

idle. Although WDBA fully utilizes all the bandwidth, it 

evenly distributes the unused bandwidth among the 

unsatisfied ONUs without considering the buffer 

occupancy of each ONU, causing the most overloaded 

ONU to experience the maximum delay.  

In both scenarios, the PR-DBA performs the best. This 

is because it first sorts the ONUs based on prioritized 

requests, giving higher priority to those that have been 

treated unfairly. It then uses a Max-Min strategy to 

accommodate as many satisfied ONUs as possible, 

reducing the delay for these ONUs. For the unsatisfied 

ONUs, it employs proportional allocation to distribute the 

remaining bandwidth, ensuring that all unsatisfied ONUs 

experience the same level of starvation. This approach 

prevents the most severely starved ONUs from emerging, 

thereby reducing the maximum delay.  

 
Fig. 3(a) Maximum Delay vs traffic load for 3 DBA algorithms without 

overloaded ONUs. 

 
Fig. 3(b) Maximum Delay vs traffic load for 3 DBA algorithms with 

overloaded ONUs. 

We studied differences in maximum delay to understand 

the reason for the lowest maximum delay of the proposed 

algorithm. Maximum delays of ONUs when traffic load is 

1.0 are depicted in Fig. 3(c). 

In Fig.3(c), the traffic generation rate for ONUs #1 to 

#32 gradually increases. ONUs #1 to #21 are underloaded 

ONUs, and ONUs #22 to #32 are overloaded ONUs. The 

largest maximum delays for LS-ED and WDBA were 

observed in the most overloaded ONUs, while the PR-

DBA keeps the maximum delays experienced by all 

ONUs within a certain range. In the PR-DBA, ONUs #13 

to #21 experience higher maximum delays. This is 

because, when allocating bandwidth based on the order of 

prioritized requests, previously unfairly treated 

overloaded ONUs are given higher priority and thus 

receive more bandwidth. As a result, the bandwidth 

allocated to ONUs #13 to #21 is reduced, leading to 

increased delays. By proportionally distributing the 

remaining bandwidth among the unsatisfied ONUs #22 to 

#32, the unsatisfied ONUs experience the same level of 

starvation, resulting in the unsatisfied ONUs experiencing 

almost the same maximum delay. The relatively large 

maximum delay for ONU #1 in all 3 DBA algorithms is 

due to the traffic generation rate of ONU #1 being too low, 

resulting in a longer time to generate a 500 bytes packet. 
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Fig. 3(c) Maximum Delay for 3 DBA algorithms with overloaded ONUs 

under 1.0 traffic load. 

Fig. 4 illustrates the relationship between the Maximum 

Delay Fairness Index and traffic load for the 3 DBA 

algorithms with overloaded ONUs. The Maximum Delay 

Fairness Index f(d) (0 < f(d) ≤ 1) is defined in Eq. 5 

[7],[11]. di is the ratio of maximum delay observed by i-

th ONU to the average of maximum delay observed by all 

ONUs. Here, the Maximum Delay Fairness Index states 

how fairly the bandwidth is allocated with respect to the 

maximum delay measured in each ONU. Totally fair 

allocation should have an index of 1. As the disparity 

increases, a scheme which favors only a selected few 

ONUs has a fairness index near 0. 

 

𝑓(𝑑) =
(∑ 𝑑𝑖

𝑛
𝑖=1 )

2

𝑛 ∑ 𝑑𝑖
2𝑛

𝑖=1

 (5) 

 

As the traffic load increases, the difference in maximum 

delay experienced by satisfied ONUs and unsatisfied 

ONUs becomes significant, resulting in a decrease in the 

maximum delay fairness index for all 3 DBA algorithms. 

However, compared to LS-ED and WDBA, the PR-DBA 

maintains the Maximum Delay Fairness Index at a higher 

level, meaning that the bandwidth allocation of the PR-

DBA does not cause some ONUs to experience significant 

delays, resulting in poor user experience and decreased 

service quality. The PR-DBA improves Maximum Delay 

Fairness Index by 57.10% compared to LS-ED and by 

32.69% compared to WDBA, with overloaded ONUs. 

 
Fig. 4 Maximum Delay Fairness Index vs traffic load for 3 DBA algorithms 

with overloaded ONUs.  

5. Conclusion 

In this paper, the proposed DBA is compared to the LS-ED 

and WDBA in terms of maximum delay and Maximum 

Delay Fairness Index to demonstrate its advantages under 

heavy and uneven traffic load conditions. The results show 

that the proposed DBA reduces maximum delay by 32.74% 

and 18.68% compared to the LS-ED and WDBA, 

respectively when overloaded ONUs exist. Moreover, 

compared to LS-ED and WDBA, the proposed DBA 

maintains steady Maximum Delay Fairness regardless of 

heavy traffic loads. 
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