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ABSTRACT 

 
A MAC protocol is presented, exhibiting service level agreement (SLA) in OFDMA-PONs. The packet delay at 90% ONU 

offered load is less than 3 ms for both 625 and 156 Mbps, representing the highest ONU load for a 64 and 256-split respectively. 

The throughput efficiency is 94% of the total network capacity of 40Gbps, for 100km long-reach links. 
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INTRODUCTION 
 

Metro/access consolidation in next-generation 

passive optical networks (NGPONs) can be 

achieved by the application of orthogonal frequency 

division multiple access (OFDMA) due to 

OFDMA’s high spectral efficiency and resilience to 

typical fiber distortions [1]. As a result, extended 

geographic coverage to 100km can be supported [2], 

allowing for up to 400 Mbps of services to 

residential users and small businesses and a few 

Gbps for telco services, corporations and LTE 

backhauling [3]. However, the long reach of such 

networks imposes several challenges at the data link 

layer. 

The round trip time (RTT) associated with the 

exchange of report and grant messages between the 

OLT and ONUs can increase from 200 μs, in 20km 

networks, to 600 μs (60km reach) or potentially 1 

ms (100 km reach) [2]. The Dynamic Bandwidth 

Allocation (DBA) performance of medium access 

control (MAC) schemes depends closely on RTT as 

it affects the delay of the DBA control loop. 

Increased RTT figures, lead ultimately to degraded 

throughput and packet delay performance, justifying 

the requirement for new DBA designs for long 

reach OFDMA PONs. 

Research in MAC algorithms for long-reach 

PONs is limited to TDMA networks [4-6]. A DBA 

for an OFDMA-PON with variable distance 

between 0-100km was recently simulated [7], 

targeting its cross-layer optimization and the 

significance of adaptive subcarrier modulation on 

network capacity. The MAC protocol in this paper 

reports on throughput efficiency at 100km by 

performing algorithm optimization for enhanced 

idle period utilization at 40 Gbps. The packet delay 

of up to 256 ONUs has been drawn, distinguishing 

between their service level agreements (SLAs). 

 

Enhanced Sequential Dynamic Subcarrier 

Allocation (ESDSCA) algorithm: 

Exhibiting hybrid OFDMA/TDMA operation, 

ESDSCA could be contrasted to TDMA long-reach 

algorithms with respect to the scheduling 

methodology used to allocate bandwidth over idle 

periods. Fig. 1 shows a schematic of the polling 

cycles in ESDSCA and how they are utilized to 

provide ONUs with extra bandwidth. Idle periods in 

TDMA MAC protocols are usually dealt with by 

employing multi-thread or virtual grant messages 

[4-6]. The drawback of these approaches is that the 

downstream efficiency is not optimized when they 

are applied to OFDMA-PONs since additional idle 

periods are formed, superimposed to the 

propagation delay.
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Fig. 1: Upstream bandwidth assignment in ESDSCA. 

 
Table 1: Simulation parameters 

Parameters Description 

Total network capacity 40 Gbps 

Number of subcarriers 256 

Data rate per subcarriers 
156.25 Mbps  
(40 Gbps / 256) 

Number of ONUs 

64 

SLA0 : SLA1 : SLA2  
= 4 : 20 : 40 

128 

SLA0 : SLA1 : SLA2  
= 8 : 40 : 80 

256 

SLA0 : SLA1 : SLA2  

= 16: 80 : 160 

Distance between OLT and ONU 100 km 

Polling cycle 2.0 ms 

Grant processing delay 5 µs 

Propagation delay 5 µs/km 

ONU offered load 1.0 

625 Mbps (40 Gbps / 64) for 64 ONUs 

312 Mbps (40 Gbps / 128) for 128 ONUs 

156 Mbps (40 Gbps / 256) for 256 ONUs 

Network offered load 1.0 40 Gbps 

Packet size 64 – 1518 Bytes 

 

Instead, ONUs in a given cycle i in ESDSCA 

transmit additional data during the time period 

corresponding to the exchange of the grant and 

report messages of cycle i+1, signified in Fig. 1 by 

the extra transmission period. The grant message, 

generated in cycle i for each ONU to assign 

bandwidth over the original transmission period, is 

still used for the allocation of additional bandwidth 

over the extra transmission period. As a result 

ONUs recycle subcarriers for the transmission of 

data between the two periods, by scheduling them at 

different time slots. Since allocation over the extra 

transmission period is based on the original 

grant/report information, ESDSCA avoids the 

accumulation of processing delay while increasing 

the data transfer. A weighting factor is applied to 

prevent overlapping between the original and extra 

transmission periods for each ONU by allowing for 

95% occupancy of the idle periods. The function 

used to calculate the extra granted bandwidth is 

given by eq. (1).  
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where BBW_Idle is the idle period bandwidth, 

B
j
original_grant is the originally granted bandwidth for 

j
th

 ONU and N is the total number of ONUs.  

The following steps provide the methodology of 

the ESDSCA algorithm for dynamic bandwidth 

allocation. 

STEP 1: Each ONU sends the bandwidth 

request (REQ_BW) using the Report message to the 

OLT. The OLT compares the sum of all requested 

bandwidth with the total available upstream 

bandwidth. If the sum of all requested bandwidth is 

smaller than the total available upstream bandwidth, 

the OLT allocates the bandwidth based on REQ_BW. 

If not, STEP 2 follows. 

STEP 2: ONUs are partitioned into two groups; 

the overperforming and underperforming ONUs: 

 REQ_BW > GUR_BW: overperforming 

group 

 Others: underperforming group  

Note that GUR_BW represents the guaranteed 

bandwidth according to the SLA grades. 

STEP 3 (for underperforming group from STEP 

2): the OLT allocates the bandwidth based on 

REQ_BW, subtracts REQ_BW from GUR_BW and 

assigns the difference to the group of “remaining 

bandwidth”.  

STEP 4 (overperforming group from STEP 2): 

After completing STEP 2 the OLT gathers the 

“remaining bandwidth” from the underperforming 

group. First, the OLT allocates the bandwidth based 

on GUR_BW. After that it distributes the remaining 

bandwidth to overperforming group ONUs based on 

their REQ_BWs.
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Fig. 2: End-to-end delays for the 100 km long-reach OFDMA-PON (a) with 64 ONUs, (b) 128 ONUs and (c) 

256 ONUs, (d) Network throughputs. 

 

STEP 5: Each ONU calculates the propagation 

delay associated in each cycle with the exchange of 

the grant and report messages. 

STEP 6: For the extra transmission, ONUs uses 

the extra bandwidth (B
i
extra_grant) as calculated by eq. 

(1). 

 

Performance Evaluation: 

For performance evaluation an event-driven 

packet-based simulation model is developed using 

the industrial standard OPNET. Table 1 below 

summarizes the simulation parameters for various 

network scenarios, demonstrating the algorithm 

efficiency for increased (64, 128 and 256) ONU 

numbers. It should be noted at this stage that the 

value of the ONU offered load in the performance 

characteristics in Fig. 2 is different in each case 

corresponding to the number of ONUs. The load of 

1.0 is 625 Mbps, 312.5 Mbps and 156.25 Mbps for 

64, 128 and 256 ONUs respectively. 

To examine the data transfer performance, Fig. 2 

(a) exhibits the end-to-end packet delay for all three 

SLAs versus ONU offered load for a network with 

64 ONUs. It is confirmed that worst-case 

transmission delays of around 2.5 ms can be 

achieved at 90% of the traffic load for all ONUs. In 

particular SLA0 ONUs, defining the ONUs in 

demand of high profile services, the packet delay at 

90% load is less than 1.5 ms. To elaborate further 

ESDSCA can sustain significantly low packet delay 

even after 100km of transmission at network loads 

up to 36 Gbps (0.9 × 625 Mbps × 64 ONUs = 36 

Gbps). Fig. 2 (b) and Fig. 2 (c) represent the drawn 

packet delays for OFDMA-PON implementations 

with increased number of ONUs. Although the 

packet delay figures increase, at a slightly higher rate 

for SLA0 ONUs, as expected, maximum figures of 3 

ms are reported for the highest count of 256 ONUs, 

again at 90% of ONU load. To contrast with the 

64ONU network performance, only SLA0 and SLA1 

ONUs in the 256ONU scenario can maintain packet 

delays in the region of 1.5 ms at 80% of the offered 

load. Each SLA0 ONU, out of a total of 64, can 

demonstrate transfer rates in the region of 562 Mbps 

while out of a total of 256, in the range of 125 Mbps. 

Finally, Fig. 2 (d) presents the achieved throughput 

versus network load, for each network scenario. A 

network load of 1.0 corresponds to a data rate of 40 

Gbps (total upstream data capacity). The figure 

confirms that the throughput efficiency for all three, 

64, 128 and 256-ONU OFDMA-PONs, after 100km 

of transmission surpasses 90%.  

 

Conclusions: 

This paper focuses on the description of a 

dynamic bandwidth allocation algorithm enabling 

high-capacity transfer over 100km-long OFDMA-

PONs. Bandwidth allocation in the enhanced 

sequential dynamic subcarrier allocation (ESDSCA) 

algorithm is achieved using both the frequency 
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domain, by means of subcarrier allocation to profit 

from the high spectral efficiency and as a result 

increased capacity of OFDMA, complemented by 

the increased granularity of TDMA. In particular, 

each ONU in cycle i automatically calculates their 

additional required bandwidth based on their 

originally granted bandwidth, using the same 

subcarriers but different time slots to exploit the idle 

periods in cycle i+1 formed due to the grant/report 

exchange. In contrast to the traditional multi-thread 

or virtual grant message methods ESDSCA results in 

simple MAC processing and reduced packet delays 

while maintaining satisfactory network throughput. 

Network performance has been measured with 

reference to Service Level Agreement (SLA) 

differentiation, as required by real network 

applications. A network extended in reach to realistic 

next generation PON spans of 100 km, exhibiting 64, 

128 and 256-split, has been evaluated. The obtained 

end-to-end packet delay for the 256-ONU scenario 

after 100km of transmission is less than 3 ms 

regardless of SLA at a traffic load of 0.9, 

corresponding in the worst case scenario with 256 

ONUs to 140 Mbps achieved transfer rates for SLA2 

ONUs. 156 Mbps represent in this case the 

maximum possible ONU load. For the same network 

split, the total throughput efficiency reaches almost 

94% of the total network capacity of 40Gbps 
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