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Abstract: 

This deliverable reports on the mapping of radio signals to optical resources, to satisfy the 

stringent QoS requirements of both the wireless and optical networks in the converged 

ACCORDANCE topology. The architectural options considered for the optical/wireless 

convergence have been extensively described in previous WP5 deliverables. Since the 

centralised options (CPRI and RoF) require insignificant MAC modifications, only the IP 

backhauling and split-eNB variants qualify for further investigations. With respect to the 

split-eNB options, this deliverable is restricted to providing only the requirements for 

convergence and in particular frame formatting for transmission over the PON. The current 

deliverable is dedicated to the development of QoS mapping mechanisms for IP backhauling, 

to ensure minimum delays at the LTE EPC. IP backhauling is implemented and evaluated, 

following the adaptation of two real-world scenarios, a rural and urban, imposing different 

requirements on the mapping mechanisms. 
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Executive Summary 
 

The scope of deliverable 5.4 (D5.4) is to define the designs, capable of developing 

optical/wireless convergence in the MAC layer and perform network evaluations, with 

the ACCORDANCE architectures (detailed in previous WP5 deliverable [1]) providing 

the underlying topologies. Among them, the centralised options include the Common 

Public Radio Interface (CPRI) and analog Radio-over-Fibre (RoF). Since they are fully 

transparent to the optical MAC, no modifications are required to the individual layer-2 

protocols. This argument is augmented further by the fact that these solutions wave any 

need for buffering at either the central office or radio base stations proclaiming full 

independence to the ACCORDANCE MAC. On the contrary, the split-eNB architecture, 

distinguishing between its various implementation scenarios [2], and significantly the IP 

backhauling option, require the account of certain properties of the optical MAC.        

 

To that extent and to the benefit of the reader, a brief summary, from WP4 [3-5], of the 

properties of the orthogonal frequency division multiple access (OFDMA) protocol and 

algorithms, exhibiting significant impact on the converged MAC designs, is included in 

this deliverable’s opening chapter. Chapter 1 extends into a description of the IP 

backhauling architecture, designed for ACCORDANCE [1].  

 

Chapter 2 specifies the Quality of Service (QoS) requirements, used in the case of IP 

backhauling, to define the system-level simulator described in chapter 3. In more detail, 

chapter 2 provides a summary of the standardised LTE mechanisms that have been 

accounted in chapter 3 for providing mapping between the wireless and optical queues. 

It also includes a description of the packet assembly mechanism used in the split eNB 

scenarios, prior to transmission over the Passive Optical Network (PON), satisfying the 

objectives of this deliverable to specify, the mechanisms in the LTE standard for 

implementing convergence, for both split-eNB and IP backhauling and provide a 

comprehensive evaluation of the latter. 

 

Section 3 describes in detail the system-level simulation environment, implemented for 

the evaluation, in terms of QoS mapping, of IP backhauling of rural and urban user 

equipments (UEs) over the ACCORDANCE infrastructure. Various options for 

exhibiting QoS mapping between the LTE bearers and optical queues have been 

presented. These include, wireless classes forwarded directly to one priority optical 

queue (so called non-mapping mechanism), 1:1 mapping where Class Identifier (QCI) 

levels are mapped to their respective priority optical queues and finally group mapping. 

Group mapping is based on the bandwidth availability at eNBs and optical network units 

(ONUs) to accommodate wireless and optical users’ requests. As a result the eNB 

performs grouping of wireless queues, which are then mapped to specific ONU queues, 

depending on the LTE bearer and ONU CoS specifications. 

 

Performance figures are drawn with respect to the QCI delay between eNBs and evolved 

packed core (EPC) for various numbers of users per cell.    

 

The deliverable closes with chapter 4, providing this deliverable’s overall concluding 

remarks.       
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1. Introduction  
 

WP5 has identified several optical/wireless architectural options for the ACCORDANCE 

network [1]. These include the fully decentralized baseband processing variant based on IP 

backhauling and a selection of centralized solutions namely split-eNB, CPRI and RoF 

fronthauling. Each of these options represents a different degree of MAC centralisation and as 

a result quite diverse requirements with respect to layer-2 functionalities.  

 

Among the centralized variants, CPRI and RoF are fully independent, not imposing any 

requirement for modifications on the LTE MAC for the transport of data over the 

ACCORDANCE infrastructure. For the split-eNB variants, certain information needs to be 

exchanged between the wireless and PON MACs (as detailed in D5.3 [2]), in addition to the 

need for packet assembly prior to transmission over the ACCORDANCE, OFDMA-PON. 

The implementation and performance evaluation of MAC designs for the split-eNB options 

will be the focus of the forthcoming deliverable, D5.5. 

 

Alternatively, with IP backhauling, where full baseband processing is performed at an antenna 

site, QoS mapping between the optical and wireless queues is widely required in order to 

provide optimum bandwidth allocation [6]. This is particularly important since the wireless 

antennas (i.e. eNBs), connected to ONUs usually via an Ethernet port, are not aware of how 

much bandwidth is available on the PON while ONUs have no information of the process 

followed in the eNB to assign bandwidth to wireless users.  

 

To that extent, the focus of this deliverable is to optimise the OFDMA MAC protocol and 

algorithms to accommodate wireless eNBs for QoS mapping. Performance evaluations focus 

on the IP backhauling option by means of developing an event-driven packet-based, system 

level LTE simulator using OPNET. Various implementations of QoS mapping, namely non-

mapping, 1:1 and group mapping have been developed. QCI latency and throughput 

performance figures have been drawn for increasing number of wireless users per cell, in 

consideration of both a rural and urban network scenario. The ACCORDANCE also defines 

IP backhauling for femto-cell scenario, however since in this case the number of users is very 

small no significant performance degradations are expected. In addition and as it has been 

previously indentified in [1], the urban deployment on the other hand could be implemented 

with centralised MAC for cost reduction (as it will be extensively discussed in forthcoming 

D5.5). However it is worth investigating the possibility of having full decentralised urban 

approach (i.e. IP backhauling) since this could in certain cases (e.g. when eNB is connected to 

residential ONU) impose various optical MAC requirements described in Chapter 3.     

 

Consequently, various investigation scenarios were indentified depending on the assumptions 

of the nature of ONUs and users throughout of the network, as well as the type of traffic they 

generate. Below we provide general guidelines useful for the definition of evaluation 

scenarios for the optical/wireless coexistence in ACCORDANCE.  

 

In that respect, a first general categorization can take place by looking into the type of users 

the ACCORDANCE ONUs account for. We consider the following types of ONUs: 

 

• Residential ONUs: This means that the ONU supports only users connecting to the 

ONU device using Ethernet connectivity (residential and business users). Of course 
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this does not exclude the case where end devices are connected using Wi-Fi, since the 

“user” in that scenario is in fact the wireless access point which is in turn considered 

to be connected to the ONU using an Ethernet connection. In other words wireless is 

only used for the in-Home part of the network. 

• eNB/ONUs: This implies that there are wireless (LTE) users served by the ONU. This 

is different than the case described above, since Internet connectivity is provided to 

those users via LTE technology, i.e. the LTE frames are encapsulated in Ethernet 

frames to be backhauled via the ACCORDANCE network and finally decapsulated 

and processed by the LTE EPC. It is possible to have both wired and wireless users 

served by the same ONU (sharing the bandwidth offered to the ONU in any of the 

ways described in D4.3 [3]). Note also that the ONU should be aware of the existence 

of the LTE users, since the mapping of LTE traffic classes to the ACCORDANCE 

ones has to take place at this point. Another remark (that will be elaborated further in 

the performance evaluation below) is that the effect of mapping for the actual 

performance observed strongly depends on whether there is a bottleneck at the eNB. If 

this is the case, what will mostly affect performance is the actual prioritization 

(“wireless QoS”) performed by the eNB, rather than the one taking place at the 

ACCORDANCE ONU. 

Based on the aforementioned definitions, three basic simulation scenarios could be 

considered: 

 

• Residential users only: This means that all ONUs in the considered ACCORDANCE 

segment belong to the residential-only type. Obviously this case is of no particular 

interest to the present deliverable and has been extensively studied in D4.3 [3]. 

• Both wireless and residential users (Urban scenario): In this scenario, residential 

ONUs and eNB/ONUs coexist within the same ACCORDANCE segment. This is 

actually the most interesting case since it shows both the effects from the coexistence 

of the different types of ONUs but also the coexistence of the different types of users 

within the wireless-enabled ONUs. There are many approaches possible when 

evaluating performance in this scenario: One could either scale the aggregate load 

offered by all user types (both residential and wireless) or keep the aggregate load 

produced by residential users fixed and scale only the wireless load. 

• Only wireless users (Rural scenario): This case considers in essence an 

ACCORDANCE segment serving only wireless users, i.e. all ONUs are wireless-

enabled, corresponding to eNBs, and the ACCORDANCE network provides their 

backhauling to the EPC. Note than an implication of this scenario, using the 

simulation parameters described elsewhere in the document, is that the aggregate 

capacity needed by each eNB/ONU may be much lower than that of a single 

subcarrier. Thus, it is mandatory to employ one of the hybrid OFDMA/TDMA 

scheduling schemes to arbitrate bandwidth among ONUs at a sub-subcarrier 

granularity. 

Finally, end-end data transfer has been achieved in the use of the OFDMA protocols and 

algorithms developed in WP4 [3-5]. A brief summary of the ACCORDANCE algorithms was 
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considered beneficial to the reader since the OFDMA MAC designs are a prerequisite for the 

implementation of the converged optical/wireless MAC. These follow next. 

 

1.1. OFDMA MAC DESIGN: BANDWIDTH ALLOCATION 

ALGORITHMS  

It is out of scope of this deliverable to describe in detail the ACCORDANCE network 

architecture. It would be beneficial nevertheless to provide a summary of the OFDMA MAC 

[3-5] since this is important in designing the QoS mapping mechanisms for IP backhauling.  

 

The OFDMA MAC accounts for alternative modes of subcarrier utilization, with respect to 

the bandwidth utilization process, by which ONUs benefit from whole subcarrier/s allocation 

and/or augmented by sharing subcarriers in the time domain. This section provides a revision 

of the Sequential Dynamic Subcarrier Assignment (SDSCA) protocol design, representing the 

promoted dynamic bandwidth allocation (DBA) mode of operation for OFDMA-PONs. The 

SDSCA algorithm is selected for the implementation of the optical/wireless MAC since it has 

demonstrated the best performance. This is a prerequisite if the stringiest LTE service 

requirements are to be met. The successful demonstration of IP backhauling requires the 

minimization of packet delay when data transverses the optical infrastructure. 

 

The bandwidth allocation of the SDSCA mode is based on time slots for which subcarriers are 

assigned by the OLT to the ONUs. SDSCA takes into consideration various cases of 

subcarrier allocation to increase network flexibility and demonstrate the maximum possible 

capacity utilization by avoiding the formation of idle time slots. In the monitoring based 

SDSCA algorithm (adopted for simulating IP backhauling in this deliverable), each ONU 

temporal bandwidth needs are estimated by the OLT during the time of a monitoring window 

(an example shown in Figure 1). In a monitoring window the OLT allocates bandwidth 

according to the utilization of time slots, assigned to an ONU in the previous window. In that 

sense, if that ONU for example consumes 90 percent of the previous allocated bandwidth, the 

OLT determines that the queue statue of this ONU is busy and as a result increases its offered 

bandwidth by means of increased time slots. The number of additional time slots depends on 

the overall bandwidth requirements and ONU service level agreement (SLA).  

 

 

Figure 1: SDSCA bandwidth allocation based on monitoring scheme. 

 

Figure 2 describes the algorithm operation in the form of a flow chart.  
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Figure 2: 

STEP 1: By the end of each window, the OLT calculates the average 

per ONU during the preceded monitoring window time. 

STEP 2: As a result ONUs are partitioned into two groups; the 

underperforming ONUs:

• overperforming group: 

• underperforming group: Pre_

STEP 3 (underperforming

SLA_TS using different reference 

cases are considered: 

• If Used_TS is smaller than or equal to 

Assigned_TS bas

assigns the difference to the group of “remaining 

• If Used_TS is greater than 

SLA_TS because it is not aware at this stage if there are “rem

STEP 4 (overperforming

SLA_TS without considering the 

ONUs require more time slot

follows: 

• If Pre_TS is smaller than 

priority SLAs, Pre_

and allocates it to 

SLA_TS. Then it subtracts 

to the “remaining 

specified here has been the outcome of optimizing the algorithm performance for 

different number of increments per SLA.
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:  Flowchart for the proposed SDSCA algorithm. 

: By the end of each window, the OLT calculates the average 

per ONU during the preceded monitoring window time.  

: As a result ONUs are partitioned into two groups; the overperforming

ONUs: 

group: Pre_TS = Used_TS. 

underperforming group: Pre_TS < Used_TS. 

underperforming group from STEP 2): The OLT compares 

using different reference time slots to distinguish SLA grades. The following 

is smaller than or equal to SLA_TS, then the OLT defines 

based on the Used_TS, subtracts Used_TS 

assigns the difference to the group of “remaining time slots”. 

is greater than SLA_TS, then the OLT defines Assigned_

because it is not aware at this stage if there are “remaining 

overperforming group from STEP 2): The OLT compares 

without considering the Used_TS since it has already determined in STEP2 that 

time slots. The additional time slot allocation is performed as 

is smaller than SLA_TS, then the OLT increments 

Pre_TS + 2) or by 1 (middle and low priority SLAs, 

and allocates it to Assigned_TS. Assigned_TS should be less than 

Then it subtracts Assigned_TS from SLA_TS and assigns this difference 

to the “remaining time slots”. A note should be made that the 

specified here has been the outcome of optimizing the algorithm performance for 

t number of increments per SLA. 
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• If Pre_TS is greater than or equal to SLA_TS, then the OLT defines Assigned_TS 

equal to SLA_TS because it is unaware at this stage if “remaining time slots” are 

available. 

STEP 5: After completing STEPs 2, 3 and 4 the OLT gathers the “remaining time 

slots” from the first case of STEP 3 and STEP 4 and distributes them to requesting 

ONUs based on their SLA priority. 

STEP 6: Following STEP 5 if there are “remaining time slots” the OLT assigns them 

to ONUs based on SLA priority. 

1.2. SYSTEM DESIGN  

The proposed architectures for IP backhauling in ACCORDANCE were developed in D5.1 

[1]. Figure 3 and 4 below represent how the standardised EPC and E-UTRAN are 

incorporated into the ACCORDANCE OFDMA topology.  

 

In LTE [7], EPC and E-UTRAN are connected via the S1 interface, which can be split, 

attending to its control (S1-C) and user plane (S1-U) functionalities. Thus, the S1-C interface 

connects eNBs with the mobility management entity (MME), supporting most of the control 

traffic (e.g. intra- and inter-system mobility, user equipment (UE) connection management, 

bearer management, paging of UE in the eNB, etc.). The S1-U interface essentially provides 

non guaranteed delivery of user plane protocol data units (PDUs) between the eNB and the 

serving gateway (S-GW). The S1 interface supports a many-to-many relation between MMEs 

/ S-GWs and eNBs. 

 

Apart from the S1 interface, eNBs are interconnected using the X2 interface which also 

includes control (X2-C) and user plane (X2-U) functionalities. On the control plane, X2-C 

mainly supports intra-system UE mobility between eNBs, multi-cell Radio Resource 

Management (RRM) and its own X2 management and error handling. On the user plane, X2-

U supports non-guaranteed delivery of end user packets between eNBs (e.g. packets delivered 

to an old base station after a user has moved to a new one). The X2 interface supports a one-

to-many relation between eNBs.   

 

 
 

Figure 3: S1 backhauling 
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In the scenario described in Figure 3 only the S1 interface is backhauled. Here, it is assumed 

that operators on their early LTE deployments will not implement the X2 interface, 

supporting its functionalities (e.g. handover) exclusively via the S1 interface, or will use ad-

hoc wireless links for the sake of network simplicity.   

 

 
 

Figure 4: S1 and X2 backhauling 

 

However, in comparison to the centralised optical/wireless MAC, where the X2 interface is at 

the central office, an interesting approach would be to backhaul X2 together with S1 as 

depicted in Figure 4. The S1 backhaul would thus run from the E-UTRAN to the EPC, but X2 

would only reach the CO, where the OFDMA OLT is located. At this point, IP packets would 

be forwarded to the corresponding eNB in the E-UTRAN without going into the aggregation 

or core networks. 
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2. MAC properties for the transmission of wireless 

signals over the PON 
 

This chapter describes the properties, to be adopted by the MAC in order to implement IP 

backhauling and split-eNB convergence. The requirements for interfacing with the PON and 

targets with respect to data rates for each of the options are already detailed in D5.3 [2].   

      

2.1. IP BACKHAULING 

2.1.1. QoS support for LTE 

 

The QoS model of EPS for LTE, which was standardized in 3GPP release 8 [6, 7], is based on 

the logical concept of an “EPS bearer”. The term “bearer” refers to a logical IP transmission 

path between the UE and EPC with specific QoS parameters (capacity, delay, packet loss 

error rate, etc.). Each bearer is assigned one and only one QCI by the network and is 

composed of a radio bearer and a mobility tunnel. The QCI is a scalar that is used within the 

access network to identify the QoS characteristics that the EPC is expected to provide for the 

IP service data flows (SDFs). This scalar (bearer ID) is used by routers to access node-

specific parameters that control packet forwarding treatment (e.g., scheduling policy, 

admission thresholds, link layer configurations, queue management policy, etc.), which are 

specified and preconfigured by the operator. An EPS bearer uniquely identifies packet flows 

that receive the same packet forwarding treatment between the UE and EPC. Thus, the 

aggregated IP flows constituting a bearer are carried from the UE over the radio interface to 

the eNB, from the eNB to the S-GW, and then onward to the PDN gateway (P-GW) as a 

single-logical bearer with the same level of QoS (or packet forwarding treatment). Services 

with IP flows requiring a different packet forwarding treatment would therefore require more 

than one EPS bearer. 

 

Furthermore, an IP flow is defined by a five-tuple (the source and destination IP addresses, 

source and destination port numbers, and protocol ID), which is used by the packet filter to 

identify different IP flows. Downlink (DL) IP flows are identified by DL packet filters located 

at the P-GW, while uplink (UL) IP flows are identified via UL packet filters located at the 

UE. Thus, the UE/P-GW performs UL/DL packet filtering to map the outgoing/incoming IP 

flows onto the appropriate bearer (bearer binding). There are two types of bearers: guaranteed 

bit-rate (GBR) and nonguaranteed bit-rate (non-GBR) bearers. A GBR bearer has a GBR and 

maximum bit-rate (MBR), while more than one non-GBR bearer belonging to the same UE 

shares an aggregate maximum bit rate (AMBR). Non-GBR bearers can suffer packet loss 

under congestion, while GBR bearers are immune to such losses (via admission control 

functions that reside at the eNB and P-GW). A bearer can also be classified as either a default 

or a dedicated bearer. The default bearer is set up when the UE attaches to the network to 

provide the basic connectivity. The 3GPP specifications mandate that the default bearer is a 

non-GBR bearer. The dedicated bearer can be either a GBR or a non-GBR bearer. 

 

For a given bearer, QoS characteristic is completely defined by two parameters: QCI (bearer 

ID) and allocation and retention priority (ARP) that specifies the control plane treatment that 

the bearers receive. ARP does not have any impact on packet forwarding behaviour but is 

used to decide whether a bearer establishment/ modification request can be accepted or 

rejected. The 3GPP specifications define eight standardized QCIs, each with its corresponding 
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standardized characteristics, including bearer type (GBR versus non-GBR), priority, packet 

delay, and packet-error-loss rate. To allow for traffic separation in the transport network (IP 

cloud connecting the eNBs to the EPC), P-GW and eNB map each QCI onto a corresponding 

diffserv code point (DSCP) in order to translate a bearer-based QoS (QCI) to transport-based 

QoS (DSCP) [8]. Using this mapping function, packets on a bearer associated with a specific 

QCI are marked with a specific DSCP for forwarding in the transport network. The QCI to 

DSCP mapping is performed based on operator policies, which are configured into the 

network nodes. P-GW performs the mapping for DL packets while eNB performs it for UL 

packets. 

 

The table below illustrates the association between QCIs and the type of bearer together with 

their QoS requirements (i.e. priority, delay and packet loss rate). 

 
Table 1: LTE QoS Class Identifiers [1] 

QCI Resource 
Type 

Priority Packet 
Delay 

Budget  

Packet 
Error Loss 

Rate  

Example Services 

1 
 

 2 100 ms 10
-2

 Conversational Voice 

2 
 

 
GBR 

4 150 ms 10
-3

 Conversational Video (Live 
Streaming) 

3 
 

 3 50 ms 10
-3

 Real Time Gaming 

4 
 

 5 300 ms 10
-6

 Non-Conversational Video (Buffered 
Streaming) 

5 
 

 1 100 ms 10
-6

 IMS Signalling 

6 
 

  
6 

 
300 ms 

 
10

-6
 

Video (Buffered Streaming) 
TCP-based (e.g., www, e-mail, chat, 
ftp, p2p file sharing, progressive 
video, etc.) 

7 
 

Non-GBR  
7 

 
100 ms 

 
10

-3
 

Voice, 
Video (Live Streaming) 
Interactive Gaming 

8 
 

  
8 

 
 

300 ms 

 
 

10
-6

 

 
Video (Buffered Streaming) 
TCP-based (e.g., www, e-mail, chat, 
ftp, p2p file sharing, progressive 
video, etc.) 

9 
 

 9    

  

The UE in the LTE uses the packet filters to classify IP packets to authorized IP SDFs. This 

process is referred to as SDF detection. The UE then performs the binding of the detected UL 

IP SDFs to the appropriate bearers. Once the UE’s radio bearers are terminated at the eNB, 

they are mapped into the appropriate mobility tunnels based on their bearer IDs. The eNB’s 

packet classifier then maps their constituent IP flows into their appropriate priority queues 

based on the bearer IDs attached to the IP packets, which is the basic enabler for traffic 

separation.  

 

Finally, to allow for traffic separation in the transport network, the eNB maps each QCI 

(bearer-ID) onto the corresponding DSCP value. 

 

2.1.2. QoS mapping requirements  

 

Unlike LTE, typical PONs (including the OFDMA protocol designs developed in 

ACCORDANCE) do not support bearer-based connections. Bandwidth requests are instead 
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queue-oriented. An aggregate bandwidth is allocated from the OLT to each ONU which then 

makes a local decision to allocate the granted bandwidth and schedules packet transmission. 

 

To achieve a truly integrated scheduler, an effective mapping mechanism is required between 

the OFDMA PON priority queues and the QCI/bearer-based LTE IP flows. In particular, 

mapping has to identify which LTE IP flow should be stored in which OFDMA PON priority 

queue for the equivalent QoS, as shown in Figure 5. The figure also shows the internal data 

flow of ONUs and eNBs and the need for QoS mapping.    

 

 
 

Figure 5: QoS mapping between LTE and the ACCORDANCE PON. 

 

In addition to the above it is worth mentioning that the control signaling of both wireless and 

optical networks is independent as described in Figure 6. Thus the bandwidth allocation 

between the OLT and ONU follows the general PON mechanism with Request message 

originated by ONUs and Grant message for bandwidth allocation sent by OLT. Thus, the 

common controller, shown in Figure 5, between eNB and an ONU is needed in order to 

provide effective QoS mapping as described in Chapter 3.      

 

 
 

Figure 6: Control signaling for bandwidth allocation for wireless and optical networks. 
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In terms of the number of QoS queues, the ACCORDANCE PON accounts for three different 

priority queues in each ONU, while LTE defines eight standardized QCIs. These classify data 

traffic into eight different classes of service, ranging from real-time gaming to the lowest 

priority best-effort TCP bulk data. 

 

To enable a unified QoS mapping strategy between the PON and wireless services, will 

require the implementation of some critical functionalities. One would require that every 

ONU and OLT can be directly configured with the standardized QCIs of LTE (QoS 

characteristics) or more precisely with their corresponding DSCP values since the bearers are 

not visible to the OLT and ONUs. 

 

In addition, the packet scheduler at ONUs and the OLT must apply the same packet 

forwarding methodology for both PON and wireless upstream/downstream traffic for each 

and every configured QCI/DSCP value that is associated with a given IP flow. 

 

Another important aspect, associated closely with the bandwidth allocation, is that PONs use 

a cycle-based approach for DBA, indicating that bandwidth is allocated to each ONU for a 

specific time only. This could lead to unnecessary delays for the wireless users [6]. Typical 

centralized PON architectures (such as the ACCORDANCE) support differentiated upstream 

QoS via two independent scheduling mechanisms named inter- and intra-ONU. However, 

none of these scheduling mechanisms can guarantee bandwidth for real-time IP flows 

(applicable also to SDSCA algorithm developed for ACCORDANCE) because the bandwidth 

allocated by the OLT to an ONU can only be guaranteed for a significantly short time (e.g. a 

fraction of one cycle) and may vary from one cycle to another according to the load among 

ONUs. Thus, each ONU is required to reserve bandwidth for its real-time IP flows for the 

whole duration of the flow (and not on a per cycle basis) in order to satisfy their QoS 

requirements as specified by the LTE DSCP value.  

 

Detailed mapping definitions and performance evaluation of the various scenarios is presented 

in chapter 3 of this deliverable.  
 

2.2  SPLIT ENB FRONTHAULING 

This section covers the organisation of the transmission of the signal parts to be fronthauled 

with the variants with the split of layer 1 (PHY) between central office and site equipment. As 

a reminder these options are: 

 

• (I): „soft-bit fronthauling“ (soft bits + control info) 

• (II): „burst fronthauling“   (frequency domain I/Q + control info) 

• (III): „frame fronthauling“ (frequency domain I/Q) 

• (IV): „CPRI fronthauling“   (time domain I/Q) 

 

To motivate the following sections Figure 7 and Figure 8 depict the architectures of the 

equipment located at the central office and at the site with (I) in DL and (II) in UL. 
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Figure 7: MCO architecture for (I) in DL and (II) in UL. 

 
Figure 8: Site architecture for (I) in DL and (II) in UL. 

 

Obviously through the split of L1 we have to transmit various signal components via the 

feeding network (per user data streams, control data, etc). So, the Tx and Rx elements have to 

include some means to assemble packets and to depacketize the components not to have too 

fragmented transmissions. The following figures depict this: 
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Figure 9: Transmitter element. 

 

 
Figure 10: Receiver element. 

 

The Tx elements include a stream combiner and the optical signal generator, the Rx elements 

the optical signal reception and some means to extract the streams. Optical signal generation 

and reception is covered in work package 2. Here, we concentrate on the combiner and the 

extraction element.  

Due to the point to multi-point structure of the PON the central office exhibits one stream 

combiner/extracter per connected cell, the equipment at the site naturally only exhibits one of 

each. 

2.2.1. Packet periodicity  

 

As already mentioned when splitting layer 1 one between central office and site we have to 

fronthaul various signal components. This chapter will propose how to smartly assemble the 

packets them to have low overhead and low added latency. 

 

Various aspects are playing an important role and will be covered in the following: 

 

• the rates the packets are occurring with 

• their general structure 

• their statistical properties 

 

The rates the packets are occurring with are directly connected to the timing properties of 

LTE. Therefore, we have to strike out a bit and describe those properties.  

 

LTE is organized in radio frames each lasting 10ms. Figure 11 depicts the frame structure for 

FDD (Frequency Division Duplex, i.e. UL and DL are radiated separately on different 

frequencies and concurrently): 
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Figure 11: LTE frame (FDD, normal CP case). 

 

On top of the figure a single radio frame is shown (lasting 10 ms). The horizontal axe 

comprises time, the vertical one frequency. Each radio frame is subdivided into 10 sub-

frames, each lasting 1 ms (= 1 TTI, Transmission Time Interval). Each sub-frame contains 2 

slots (each lasting 0.5 ms). The slots are subdivided in frequency direction into resource 

blocks, each including 12 subcarriers. A single multi-carrier symbol lasts 66 µs, so, when 

applying the normal cyclic prefix (CP) mode (CP length around 5 µs), 7 symbols fit into a 

single slot (when extended CP mode is applied – the longer CP helps to cover higher delay 

spreads occurring with larger cell sizes - there is only space for 6 multi-carrier symbols). So, 

each resource block typically includes 12 times 7 subcarriers (we concentrate on the normal 

CP mode).  

 

With TDD (Time Division Duplex) UL and DL are sharing the carrier. LTE is a half-duplex 

scheme, so DL and UL may not be active concurrently. Instead they are separated in time: 
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Figure 12: LTE frame (TDD). 

 

As with FDD, transmission is organized in radio frames (lasting 10 ms) which are subdivided 

into sub-frames (lasting 1 ms). There are seven options to dedicate each sub-frame either to 

UL or to DL (see Figure 12). For the radios to switch from transmission to reception a guard 

band between the sub-frames carrying DL data and the ones carrying UL data is needed. 

Therefore special sub-frames are introduced: 

 

 
Figure 13: Special sub-frame for TDD to separate UL and DL transmissions. 

 

Looking at Figure 12 we see that in any case transmissions before the special sub-frames 

contain DL data and transmissions starting after the special sub-frames are carrying UL data. 

So, the special sub-frames are always divided into three parts as follows: 

 

• Downlink Pilot Time Slot (DwPTS, the multicarrier symbols included here can be 

used for downlink transmissions) 

• Guard Time (GT, here no signal transmission takes place with varying length)  

• Uplink Pilot Time Slot (UpPTS, 2 SC-FDMA symbols at max used either for the 

transmission of short random access preambles of sounding reference signals). 

 

If the special sub-frames would completely be used as guard (i.e. no DwPTS and UpPTS) the 

capacity loss would be too high. The structure of the remaining sub-frames is the same as 

with FDD regarding their subdivision into resource blocks.  
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So, we have various periodicities in LTE: 

 

• Once per 10 ms a radio frame 

• Once per 1 ms a sub-frame 

• Once per 0.5 ms a slot 

• Once per ~71 µs a multi-carrier symbol 

 

The packet transmission periodicity via the feeding network should and will be linked with 

some of those periodicities. We already can abandon the radio frame periodicity. Gathering 

the signal parts over a period of 10 ms before transmitting them via the fronthauling network 

introduces by far too high latencies. The most promising ones are sub-frame (being the most 

natural, as user allocations span complete sub-frames) and multi-carrier symbol (introducing 

the lowest latency) periodicity. Slot periodicity on the other side might be a good 

compromise, (in the following we use the following abbreviations: SFP – sub-frame 

periodicity, MCP – multi-carrier symbol periodicity and SLP – slot periodicity). The former 

one introduces highest latency with minimal relative overhead compared to the others. The 

last introduces lowest latency and performs worse than the others regarding relative overhead.  

Sites located farer away from the central office and thus suffering from longer transmission 

delays should receive earlier resource allocations than sites located closer to the central office. 

This way the maximal overall transmission and processing latency is minimized. 

2.2.2. Packet assembly 

The packets to be transmitted via the PON periodically must have several fields carrying the 

various signal components. Additionally we need a header field for signalization. 

 

First of all some properties of LTE which will affect the packet assembly: 

 

• Scheduling is performed on a per TTI basis. So, user allocations always span a 

complete sub-frame. 

• The smallest amount of resources allocated to a single user is a pair of resource 

blocks. 

• With DL frequency hopping may be applied. So, the resource blocks paired together 

need not to share the subcarriers. 

• With UL no frequency hopping is applied. So, the resource blocks paired together 

always will share the subcarriers. 

• With TDD UL and DL have periods of silence. 

• In DL there is no need to transport the pilots and the reference symbols via the PON. 

The site equipment can place those symbols autonomously. Their characteristics are 

communicated via the control channels. 

• DL control channels are placed at the beginning of the sub-frames (covering 1/2/3 

multi-carrier symbols) and thus are not present in all multi-carrier symbols. 

• UL control channels are placed at the frequency edges and thus are present in all 

multi-carrier symbols. 

 

The signal-components to be transported are: 

 

• Site control (DL) – this field not necessarily exists in each packet (depending on the 

functionalities controlled with this field). 
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• DL control channels – in case of SFP this field is always present, in case of MCP not, 

as DL control is transported at the beginning of each sub-frame. In case of SLP this 

field is present every second packet. 

• Beamforming weights (DL) - in case of SFP and SLP this field is always present (as 

long as beamforming is actually applied), in case of MCP not, as only user data 

applies per-user beamforming. 

• Random access symbols, PRACH (UL) – this field is present regularly but not in 

every packet as PRACH regions are typically not present in each sub-frame. If present 

it spans a complete sub-frame. 

• UL control channels – this field is always present in any case. 

• Reference signals (UL) – we have two types of reference signals in UL: demodulation 

reference signal (DM RS) and sounding reference signal (SRS). The former occurs in 

every resource block being allocated to a user. So, with SFP and SLP this field is 

always present, with MCP this is different, as only a single multi-carrier symbol per 

resource block carries DM RS. The SRS may occur once a sub-frame (or with lower 

periodicity). It is concentrated within a single SC-FDMA symbol. So, depending on 

the configuration this field may occur always with SFP and occasionally with SLP. 

With MCP the field occurs regularly but not in every packet. 

• User data (DL) – with SFP and SLP this field occurs in each packet, with MCP either 

user data or the DL control channel is present. 

• User data (UL) - with SFP and SLP this field occurs in each packet, with MCP either 

user data or the DM RS is present. 

 

Obviously the existence of the single fields within the packets, both for SFP and MCP, highly 

depend on the respective configuration of the wireless subsystem. 

 

With soft-bit fronthauling (DL) a possible packet format is: 

 

 
Figure 14: Packet format (soft-bit fronthauling, DL). 

 

As not all fields need to be present in all packets and as the length of the fields may vary in 

size (more on that later) we need a header field including the respective packet properties. 

 

In UL we have with soft-bit fronthauling: 

 

 
Figure 15: Packet format (soft-bit fronthauling, UL). 

 

As demodulation has already taken place, we do not have to transport the demodulation 

reference symbols (however, it may still be useful to transport those nonetheless to be used by 

subsequent algorithms). 

 

With burst fronthauling in UL we have to transport the DM RS in any case: 

 

 
Figure 16: Packet format (burst fronthauling, UL, separation of control and user data). 

 

Header site control DL control channels beamforming weights user dataHeader site control DL control channels beamforming weights user data

Header PRACH   UL control channels SRS   user dataHeader PRACH   UL control channels SRS   user data

Header PRACH   UL control channels SRS    DM RS   user dataHeader PRACH   UL control channels SRS    DM RS   user data
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We may use a single field for both control and user data and reference symbols (depending on 

the applied concatenation variant described later): 

 

 
Figure 17: Packet format (burst fronthauling, UL, conjoint transport of reference signals, control and 

user data). 

 

In case of frame fronthauling in DL most of those signal components already have been 

multiplexed, so packet structure is simplified: 

 

 
Figure 18: Packet format (frame fronthauling, DL). 

 

In UL with frame fronthauling PRACH still has to be transported separately, user data, 

control channels and reference symbols, however, still are multiplexed and thus are 

transported within a single field: 

 

 
Figure 19: Packet format (frame fronthauling, UL). 

 

The packet formats for burst fronthauling with conjoint transport of both control and user data 

and reference symbols (Figure 17) and frame fronthauling (Figure 19) look rather similar; 

however, there is an important difference: With the former one the separation into resource 

blocks still is taken into account, opening the opportunity to omit empty resource blocks.  

 

The bulk of each packet will carry user data (unless the respective cell is highly underloaded). 

So, the statistical properties (in terms of length) of the packets will mainly be defined by the 

characteristics of the payload (raw bitrates, mix of modulation orders, mix of code rates) 

transported via the air. 

2.2.3. Packet fields 

 

Now that we have introduced the packet formats, we have to define the compositions of the 

single fields.  

 

The header field simply includes a bit stream containing the relevant format indicators of the 

respective packet. By reading the header the respective stream extraction device becomes 

aware of the structure of the following packet (i.e. which fields are present and how many bits 

do they span). The header must contain the respective information (size of the packet, 

characteristics of the packet) both for UL and DL. As the central hotel is aware of the user 

allocations both in UL and in DL this is no issue. Additionally, the hotel has to control the 

resource allocations to be used by the connected remote units for UL. 

Site control may contain itself specific fields. Depending on the aspects to be controlled the 

structure of this field may vary tremendously. A more detailed treatment is out of the scope of 

this deliverable. The last deliverable of WP5 will touch this topic. 

Depending on the actual implementation the contents carried by the field ‘PRACH’ may vary 

significantly. The simplest one (with respect to the implementation complexity at the site) is 

the concatenation of binary representations of the respective time domain I/Q samples 

carrying the random access messages. This variant requires the highest amount of 

Header PRACH   reference symbols, control and user dataHeader PRACH   reference symbols, control and user data

Header site control frame dataHeader site control frame data

Header PRACH   frame dataHeader PRACH   frame data
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transmission resources on the PON compared to the following ones. Another option is to 

transform the PRACH symbols into frequency domain (at the site) and collect the relevant 

frequency I/Q samples, whose binary representations are concatenated and transported via the 

PON. The variant requiring the least amount of transmission resources on the PON but 

leading to the most complex remote node architecture with respect to the random access 

procedure is to do the measurements at the site and simply transmit them via the PON. We 

will concentrate on the middle option in the following (transport of frequency domain I/Q 

samples). 

Beamforming is a means to concentrate the signal energy into a given direction. This way 

interference to others is reduced and the received signal power increased. A single 

beamforming vector per user carrying the respective beamforming weights (a single complex 

number per involved antenna) is to be carried by the respective field. Depending on the 

implementation either binary representations of the respective weights are to be transported 

via the PON or in case of codebook based beamforming a simple index is sufficient (in this 

case the site naturally must be aware of the codebook). 

About 14% of the subcarriers in each UL resource block carry demodulation reference 

symbols (DM RS). They are used to estimate the channel. So, the respective field simply 

contains the concatenation of binary representations of the received complex I/Q samples. 

The SRS are used for the sake of frequency selective scheduling. As with the demodulation 

reference symbols, the respective field contains the concatenation of binary representations of 

the received sounding reference symbols. 

The DL control channels are transported via the first OFDM symbols of each sub-frame 

(one, two or three). So, the respective fields simply contains the bit stream prepared by the DL 

control elements (in case of soft-bit fronthauling) or the concatenation of binary 

representations of the frequency domain I/Q samples containing the control data (in case of 

frame fronthauling). 

With soft-bit fronthauling binary representations of the soft-bits containing the UL control 

channels are input of the respective field, with burst fronthauling binary representations of 

the received frequency I/Q samples are to be transported. 

The treatment of user data is the same as with the respective control channels. 

With frame fronthauling we do not have to distinguish between control channels, user data 

and reference symbols anymore. Instead the field frame data simply contains the 

concatenation of binary representations of frequency domain I/Q samples. 

 

In this chapter we several times refer to concatenated streams. The following chapter goes 

into more detail with respect to this. 

2.2.4. Serialization/concatenation 

 

LTE is based on a multi-dimensional resource grid (time, frequency and space). To be able to 

transport the respective data via the PON we somehow have to convert this to a one-

dimensional bit stream. When applying SFP (SLP) we start with concatenating the sub-

frames (slots) of the various antenna links: 
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Figure 20: Concatenation of sub-frames (here: 4 antennas). 

 

Then per sub-frame (slot) block we concatenate the resource blocks in a frequency increasing 

manner: 

 
Figure 21: Resource block concatenation for SFP. 

In times of underloaded cells some of the resource blocks may be empty. Not to waste PON 

resources we should omit transporting those (only applicable in case of soft-bit and burst 

fronthauling). So, when concatenating the resource blocks we simply omit the empty ones.  

 

Naturally, the stream combiner and extraction unit has to be aware of this. We have two 

options: 

 

• Analyzing the DL control channel to determine the resource allocation map. 
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• Adding a bit-map (both for UL and DL) to the packet header (i.e. a single bit per 

resource block (RB) indicating its vacancy; ‘1’ � RB carries data, ‘0’ � RB does not 

carry data). 

 

Option one introduces no additional overhead, but increases latency, as the DL control 

channel has to be read by the site equipment. Option two slightly increases the size of the 

packets in DL (one bit per resource block) but is advantageous with respect to latency and 

thus is to be favored. The bit-maps have to be generated by the equipment at the central hotel 

and communicated to the sites. 

 

In a second step we serialize the contents of the resource blocks: 

 

 
Figure 22: Serialization of the RB contents. 

 

Figure 22 depicts a single RB. The symbols carried by the resource elements are concatenated 

according to the included numbering. We may carry user data, control data and reference 

symbols separately or conjointly. In the former case we end up with several streams. So, e.g. 

when concatenating the user data we simply have to omit the symbols carrying control data or 

reference symbols when serializing the RB contents. 

 

Alternatively concatenation may be based on a per user basis, instead of concatenating the 

data RB per RB. In this case the resource allocation plan has to be examined. So, we do not 

have to attach the bit-maps in that case. However, the system suffers from the increased 

latency. 

With MCP serialization is a one step procedure: 
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Figure 23: Serialization of the frame contents (each multi-carrier symbol feeds another packet). 

 

As with the serialization of the RBs we simply concatenate the contents of the single resource 

elements according to the numbering in Figure 23. Again a bitmap may indicate the vacancy 

of resource blocks. Both conjoint and separate transmission of control and user data is 

possible. 

2.2.5. Field characteristics and statistical properties 

 

Now that we know the periodicity and the structures of the packets transported via the PON 

for wireless fronthauling, we have to analyse the statistical properties of the packets. These 

are playing an important role for the assessment of the gains achievable with statistical 

multiplexing (covered in a later deliverable). 

 

Before being able to evaluate the statistical properties of the single packets, we have to 

analyse the behaviour of the single components carried by the packets. 

 

Header 

The packet header will occur in every packet. It is the first field analysed and thus should be 

kept constant in size (in the range of several bytes) for easy access. Compared to the other 

fields the size of the header field is rather small and thus plays no significant role with respect 

to the statistical properties of the packet. 

 

Site control 

The field site control can be used for the long term organization of the network (e.g. topology 

control, i.e. load dependent activation/deactivation of nodes) while the network is in service. 

Another possible use case for this field is to update the site equipment remotely (naturally 

only applicable if major parts are realized in software). In the former case this field only 

occurs sporadically and is negligible in size, when analysing the statistical characteristics of 
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the field. In the latter case the field is significant in size, however, only this only occurs when 

the network is not in service. 

 

Control channels 

In downlink there are various control channels: 

 

• PBCH: The physical broadcast channel (PBCH) carries the basic system information, 

with which the other channels can be configured and operated. The amount of data 

transported by the PBCH is rather low and thus can be neglected here. 

• PHICH, PCFICH and PDCCH: Those channels carry various control messages, e.g. 

indicating the size of the control channel region (1, 2 or 3 OFDM symbols, see Figure 

11), resource allocations and HARQ ACK/NACK messages. Depending on the load of 

the cell the actual amount of data transmitted via these channels and thus the size of 

the field ‘DL control channels’ varies accordingly. 

 

For the evaluation of the statistical properties of the packets to be transported via the PON 

(covered later in this chapter), we assume the control channels to cover 1 OFDM symbol 

(Nscrr = 400, for 10 MHz bandwidth) in case of low load (< 30% of the resources used for data 

transmission), 2 OFDM symbols (Nscrr = 1000, for 10 MHz bandwidth) in case of medium 

load  (30% < x < 70% of the resources used for data transmission) and 3 OFDM symbols 

(Nscrr = 1600, for 10 MHz bandwidth) in case of high load (> 70% of the resources used for 

data transmission). The subcarriers carrying DL control data are QPSK modulated (i.e. carry 

NQPSK = 2 bits): 
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In uplink the control channel (PUCCH) is not spread over a complete multi-carrier symbol. 

Instead it is concentrated at the edges of the system bandwidth (see Figure 11) and transported 

via dedicated resource blocks to maximize the available per subcarrier power and to maintain 

the single-carrier nature of the signal. Again the size of the control channel (and thus the size 

of the field ‘UL control channels’) depends on the load of the cell. We assume NRB = 2 

resource blocks (per TTI) covered by PUCCH transmissions in case of low load (< 20 %), 

NRB = 8 resource blocks in case of medium load (30% < x < 50% and 50% < x < 70%, 

respectively) and NRB = 16 resource blocks in case of high load (> 70 %). Each resource block 

includes Nscrr subcarriers. Nres,ULcontrol is the number of bits representing a single frequency 

domain I/Q sample, NRxAnt the number of receive antennas: 

 

Beamforming weights: 

Per user a single beamforming vector (containing a complex number per transmit antenna) or 

alternatively a single index (in case of code-book based beamforming) is to be transported via 

this field. So, its impact to the statistical properties of the packets is negligible. 
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PRACH: 

Depending on the typical number of users served by a specific base station the periodicity of 

the PRACH may change (the higher the number of users trying to enter the network the more 

often PRACH regions should occur). Typical periodicities are 1 and 2 PRACH regions per 

radio frame (i.e. one region per 10 ms and per 5 ms, respectively). There are various preamble 

formats each covering a different amount of sub-frames (to be able to adapt to the cell size). 

For simplicity we concentrate on preamble format 0 (for cell sizes up to 14.5 km in radius). In 

this case the PRACH region covers 1080 kHz over a period of 1 ms at the center of the 

system bandwidth. In this case 839 complex frequency domain I/Q samples are to be 

transmitted via the PON. So, the field ‘PRACH’ occurs regularly, but not in each packet. The 

size of the field is constant. The respective rate required in case of one PRACH region per 

radio frame: 

 

Reference symbols: 

The number of demodulation reference symbols (‘DM RS’) directly corresponds to the 

number of resource blocks NRB used for data transmission and thus to the load factor of the 

cell. Within each used resource block around 14 % of the available resource elements carry 

pilots (Nscrr). So, the size of this field varies in time, depending on the cell load. Additionally, 

the number of receive antennas (NRxAnt) has an impact and naturally the number of bits 

(Nres,DM,RS) used for the binary representation of the received pilots. 

SRS always are placed at the end of a sub-frame. The number of SRS per radio frame can be 

set in a highly flexible manner (from one up to 10). So, the worst case overhead due to SRS is 

around 7%: 

Naturally the number of receive antennas (NRxAnt) the number of bits (Nres,SRS) used to 

represent the received symbols play a role here. Nscrr is the number of complex values per 

SRS. 

 

User data: 

The remaining subcarriers not dedicated to one of the upper means are used to transport user 

data. The principal dependencies have already been provided in [2]. As stated there the 

amount of data to be fronthauled and thus the size of this field is both depending on the load 

of the cell and the user mix (i.e. fraction of low rate users applying QPSK, mid rate users 

applying 16 QAM and high rate users applying 64 QAM). This field is by far the biggest and 

thus dominates the statistical properties of the packets (for SFP and SLP). The following 

figures depict the histograms of occurring rates for the scenarios described in [2] (user rates 

R0 in Figure 24, data rates Rb for soft-bit fronthauling in Figure 25 and data rates Rd for burst 

fronthauling in Figure 26) to give an idea about the range of values: 
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Figure 24: Histograms of occurring user rates R0 for various grades of the cell load. 

 

 

 
Figure 25: Histograms of occurring data rates Rb for various grades of the cell load. 
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Figure 26: Histograms of occurring user rates Rd for various grades of the cell load. 

 

 

Frame data: 

Within the field frame data the single fields described above are interweaved according to 

their placement within the frame (beside the header, the site control and PRACH). As outlined 

in [2] the resulting rate is constant: 

Nant,e is the number of base station antennas, Nres,e the number of bits used to represent the 

symbols, Nscrr the number of subcarriers (e.g. 600@10 MHz), Nsymb the number of multi-

carrier symbols per TTI with length TTTI. 

 

The actual statistical properties of the complete packets to be fronthauled are the 

superpositions of the properties of the single fields as described above. The by far dominating 

fields are ‘user data’ and ‘frame data’, respectively. 

 

The relations provided above refer to SFP and to some extend SLP. With MCP things are 

slightly different as here the packets highly vary from multi-carrier symbol to multi-carrier 

symbol (with respect to the characteristics and the existence of the fields). For example in UL 

there are multi-carrier symbols carrying no reference symbols, but solely user data and control 

data. On the other side there are symbols carrying no user data at all (the ones carrying the 

DM RS). 
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2.2.6. Requirements to the optical mapping mechanisms 

 

As outlined in the former sections the optical mapping mechanisms have to be able to meet 

the chosen periodicity. Within each period the mapping mechanism has to be able to perform 

packetization, resource allocation and signal generation. 

The mapping mechanism should be able to prioritize wireless packets with respect to wireline 

transmissions. Additionally the transmission of the packets to the single cells should be 

prioritized according to the respective fiber distance to be bridged (far away cells earlier the 

close-by ones). If this is not possible the overall latency is increased degrading the 

performance of the wireless data transmission. 

For the variants with time varying packet sizes (soft-bit and burst fronthauling) the resource 

allocation has to be flexible enough neither to loose wireless packets nor to waste resources. 

Again for the variants with time varying packet sizes, the downlink control channel of the 

fibre transmission system has to provide a field, with which the resource allocations for the 

UL transmissions for all fronthauled cells can be communicated (size and position). If this is 

not available, UL fronthauling is not possible. 

As the processing required for cooperative multi-site transmission schemes is performed 

centrally there are no further requirements beside the upper ones. 

Finally, the required rates on the fronthauling link per cell (average and peak) for the 

scenarios presented in earlier deliverables are: 

 
Table 2: Required peak/average fronthauling rates (UL,10 MHz, 4 antennas, [Mbps]) 

 10% load 30% load 50% load 100% load 

Rb 105/101 157/145 193/172 300/263 

Rd 123/122 207/205 274/272 450/446 

Re 517.4/517.4 

Rf 2457.6/2457.6 

 
Table 3: Peak/average fronthauling rates (DL,10 MHz, 4 antennas, [Mbps]) 

 10% load 30% load 50% load 100% load 

Rb 5.8/5.1 15.5/13.8 24.4/21.4 44.3/38.9 

Re 470.4/470.4 

Rf 2457.6/2457.6 

 

 

Compared to the values presented in D5.3 [2] these values include the overhead introduced by 

LTE: 

• Overheads included in UL (always transport of frequency domain I/Q samples, 4 Rx 

Antennas):  

• DM RS (required for d): 24 subcarriers per used resource block (load 

dependent) 

• SRS (required for b and d): one multi-carrier symbol per sub-frame 

(independent from load) 

• PUCCH (required for b and d): [4 8 8 16] resource blocks per TTI (load 

dependent [10% 30% 50% 100%]) 

• PRACH (required for b, d and e): periodicity 10 ms 

• Overheads included in DL (required for b):  

• PDCCH: [1 2 2 3] multi-carrier symbols (load dependent [10% 30% 50% 

100%]) 

• beamforming vectors (one per resource block, 4 complex values per vector) 
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3. Evaluation of the distribution of mapping within the 

network 

3.1. QOS MAPPING SCENARIOS 

This chapter presents the performance evaluation of IP backhauling, in the network upstream, 

expanding on the developed QoS mapping mechanisms. A similar mapping distribution also 

applies in downstream. The two mapping methods developed include, 1:1 mapping and, what 

is defined as, group mapping. In view of the application of mapping, the performance of both 

the wireless (UE) and residential users (OFDMA users connected to a typical 

ACCORDANCE ONU) is investigated by means of their coexistence in the same network 

infrastructure. A number of valid network scenarios have been simulated, distinguishing 

between the scheduling as well as the traffic conditions that influence bandwidth allocation.  

These include the rural and urban network infrastructures [2]. 

 

1:1 mapping specifies the same number of queues, available at both the eNB and ONU. This 

approach provides a direct scheduling mechanism since wireless data is stored, depending on 

bearer priority, to the equivalent priority optical queue. This is demonstrated in Figure 27 for 

three bearers, carrying respectively QCI 5, 6, and 7, mapped directly to their equivalent 

priority CoS0, 1 and 2 queues. 1:1 mapping can apply to any number of queues, not only 

restricted to three. A potential limitation of 1:1 mapping could arise from the fact that the LTE 

standard in the wireless domain and the EPON [9]/10GEPON [10] and GPON [11]/XGPON 

[12] standards in the optical domain, specify 8, 8 and 5 queues respectively. As a result, full 

service consolidation might require the application of a more complicated mapping schedule. 

This has led to the introduction of group mapping. The specific PON standards are 

acknowledged here since they have formed the base of development in D4.2 [4] of the 

OFDMA-PON protocol.  

 

 
Figure 27: Example of 1:1 mapping between the eNB and an ONU. 

 

Group mapping assumes the number of wireless queues is greater than that of the ONU 

queues. For LTE mapping to a GPON-like OFDMA-PON the above assumption is directly 

true. Even for mapping LTE queues, to the same number, EPON-based ACCORDANCE 

protocol queues, grouping of wireless services to individual optical queues might be proven 

beneficial with respect to the observed performance figures. A configuration based on 7 

bearers (the LTE standard defines 8 bearers but the OPNET simulator only allows up to 7 

bearers to be evaluated), consisting of 3 GBR (QCI1, 2 and 3) and 4 Non-GBR (QCI5, 6, 7 

and 8) wireless services is presented in Figure 28. The wireless groups are then mapped to 

their corresponding optical queues, as shown in Figure 28, in strict priority order. Group 

mapping assumes the same number of optical priorities as 1:1 mapping.  

 

Bearer 1 QCI 5 High priority IP traffic

Bearer 2 QCI 6 Middle priority IP traffic

Bearer 3 QCI 7 Low priority IP traffic

High priority queue

Middle priority queue

Low priority queue

eNB ONU
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Figure 28: Example of group mapping between the eNB and ONU. 

 

Both 1:1 and group mapping are finally contrasted to non-mapping, implemented by the 3 and 

7 bearers respectively forwarded to a single optical queue, regardless of the priority of 

different QCIs. Non-mapping is expected to provide the baulk figures of end-end packet delay 

and converged network throughput, for wireless users, due to the introduction of the optical 

infrastructure. Also it presents a reference point for performance enhancement in view of 

mapping. An example of such configuration is demonstrated in Figure 29. The figure displays 

7 bearers forwarded, in priority groups, to the low priority queue. The wireless packets are 

thus transmitted on the PON in the same order they have been scheduled at the eNB.   

 

 
 

Figure 29: Example of non-mapping between the eNB and ONU. 

 

3.2. SIMULATION SCENARIOS 

In addition to the scenarios indentified in chapter 1, more scenarios can be defined depending 

on the number of bearer types (or QCI values) used by the LTE part of the network. In that 

respect we distinguish between three basic cases: 

 

• The number of LTE bearers is less than the number of ACCORDANCE CoS types. 

This could for example be the case when only a single QCI is used in the wireless part 

Bearer 4 QCI 5

Bearer 1 QCI 1

Bearer 2 QCI 2

High priority queue

Middle priority queue

Low priority queue

eNB ONU

Bearer 3 QCI 3

Bearer 5 QCI 6

Bearer 6 QCI 7

Bearer 7 QCI 8

High priority Group

Middle priority Group

Low priority Group

Bearer 4 QCI 5

Bearer 1 QCI 1

Bearer 2 QCI 2

High priority queue

Middle priority queue

Low priority queue

eNB ONU

Bearer 3 QCI 3

Bearer 5 QCI 6

Bearer 6 QCI 7

Bearer 7 QCI 8

High priority Group

Middle priority Group

Low priority Group
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of the network. In that specific scenario, wireless traffic performance can only be 

adjusted by properly selecting the CoS to which LTE packets will be mapped.    

• The number of LTE bearers equals the number of ACCORDANCE CoS types. In this 

scenario, 1:1 mapping between bearers and CoSs could be performed (especially if the 

percentage of traffic by each bearer roughly matches that of the CoS types). 

• The number of LTE bearers is larger than that of the ACCORDANCE CoS types. This 

is actually expected to be the most common case, suggesting appropriate mapping is 

required, i.e. by grouping several QCI values to the same ACCORDANCE CoS.  

As a result, the appropriate mapping strategy has to be identified, accounting for the LTE 

QCIs and the ACCORDANCE CoS. Also an effective traffic generation mechanism is 

required, complemented by the appropriate network topologies, expected to demonstrate 

value for IP backhauling. The criteria above have been used to define the simulation scenarios 

implemented in this deliverable. They are presented in Table 4 below. 

 
Table 4: Summary of simulation scenarios implemented for IP backhauling. 

Type of User connected 

to ACC. ONU 
Simulation scenarios 

Wireless and residential 

users 

(Urban scenario) 

• Compare 1:1 mapping with non-mapping 

� Number of bearers per UE: 3 

� QCI of bearers = {5, 6,7} 

� Number of UEs = {10,20,30,40,50} 

� Data generation per UE: 1.5 Mbps 

� Aggregate data rate of wireless and residential: 250 Mbps 

•  Compare Group mapping with non-mapping 

� Number of bearers per UE: 7 

� QCI = {1,2,3,5,6,7,8} 

� Number of UEs = {10,20,30,40,50} 

� Data generation per UE: 1.5 Mbps 

� Aggregate data rate of wireless and residential: 156.25, 

250 and 312.5 Mbps 

Only wireless users 

(Rural scenario) 

• Compare group mapping with non-mapping 

� Number of bearers per UE: 7 

� QCI = {1,2,3,5,6,7,8} 

� Number of UEs = {10,20,30,40,50} 

� Data generation per UE: 1.5 Mbps 

� Aggregate data rate of wireless and residential: 250 Mbps 
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3.3. SIMULATION ENVIRONMENT AND TRAFFIC GENERATION 

Figure 30 provides a representation of the simulated network, distinguishing between the 

connection points of, residential (A) and wireless users (B) and the point in the process model 

where mapping takes place (C).  

 

 
 

 

Figure 30: Architecture of the OPNET process model. 

 

The simulation parameters required for the converged protocol evaluation in OPNET are 

summarized in Table 5 and Table 6. The bulk of parameters in Table 5, associated with the 

residential users, resemble for consistency those used in previous deliverables for bandwidth 

allocation in the ACCORDANCE ONUs. These include the number of subcarriers and ONUs, 

the distribution of ONUs to SLAs, the traffic generation statistics and the distribution of 

residential users to service classes. With reference to the converged model, it is obvious that 

notable revisions apply.   

 

To specify the most critical of those revisions, 29 residential ONUs and 3 hybrid eNB/ONUs 

are used to evaluate convergence. In addition to CoS differentiation, the ACCORDANCE 

MAC has traditionally also distinguished between SLAs to define the various data rate levels 

applicable to different ONUs. Since the converged network emphasizes on mapping and how 

priority queues could be best utilized, only the low SLA, SLA2, is used for eNB/ONUs, to 

demonstrate the absolute worst-case scenario. In addition the total network capacity in Table 

5 refers to the aggregate capacity of the converged network rather that the extended 

ACCORDANCE network, providing the converged ONUs with a rational 312.5 Mbps at full 

traffic load (represented by 1.0 in the traffic load axis).  

 

A final point to pay attention to is that the network reach in the simulations is restricted to 20 

km. With practical network deployments in mind, IP backhauling in ACCORDANCE, 

especially for rural roll-out, can be implemented over 100 km [2]. Therefore, the first 

assumption made is that a 20 km network implementation could still provide valid outcomes 

(in particular for urban deployments) with regards to performance. Although various delays, 

e.g. propagation delay and perhaps processing delay, increase for long link lengths, the packet 

delay due to the mapping and management of the network queues can still be safely drawn 

using a simpler, more readily available, 20 km model. The second assumption is that rural 

scenario considers only eNBs connected to ONUs while urban are designed to support 

eNB ONU

UE

UE

UE

Residential

User

QoS Mapping 

A
B

C

D

eNB/ONU

: Wireless connection

: Wired connection
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simultaneously a high volume selection of residential and wireless users (which could widely 

apply for large cities).  

 
Table 5: Converged network parameters. 

Parameters Description 

Total network capacity upstream 10 Gbps 

Number of subcarriers 64 

Data rate per subcarriers 156.25 Mbps (10 Gbps / 64) 

Number of ONUs 

32 

Residential ONU eNB/ONU 

29 3 

SLA0 : SLA1 : SLA2 

= 2 : 10 : 17 
SLA2 

Distance between OLT and ONU 20 km 

Monitoring window time 2.0 ms 

Grant processing delay 5 µs 

Propagation delay 5 µs/km 

ONU offered load 1.0 

(Offered load for wired users) 
312.5 Mbps (10 Gbps / 32) 

Packet size 
64 – 1518 Bytes 

(Uniformly generated) 

Traffic generation  

for residential users 

High priority CoS0: 20 % 

Middle priority CoS1: 40 % 

Low priority CoS2: 40 % 

 

Table 6 summarises the LTE and eNB/ONU parameters, needed to be specified for the 

simulations. These include the modulation and coding scheme (MCS) index, set to 22 to 

represent 64 QAM modulation and a code rate of 2/3 for UEs. Also, the hybrid automatic 

repeat request (HARQ) mechanism was considered for error correction as defined by the 

standard. More importantly, UE mobility is also supported (50 km/h) to present a realistic 

scenario. Finally, the inter site distance is 3 km, as typically considered for rural areas. 

 

It is important to note also that even if the aggregate data rate for wireless users (“C” in 

Figure 30), for 40 and 50 UEs is 60 and 75 Mbps respectively, the aggregate wireless data at 

the eNB is saturated at 50 Mbps. This is because the estimated physical uplink shared channel 

(PUSCH) capacity at a MCS index of 22 in OPNET is 55.275 Mbps. Thus the data rate for 

residential users (“A” in Figure 30) for 40 and 50 UEs is 200 Mbps instead of the expected 

190 and 175 Mbps. 
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Table 6: UE and eNB/ONU simulation parameters. 

Parameters Description 

Inter site distance (ISD) 3 km 

Modulation and coding scheme index 

(MCS) 
22 

HARQ 
Uplink 

& Downlink 
Max retransmission 3 

Mobility of UE 50 km/h (1 sector per cell assumed) 

Number of bearers per UE 3 and 7 

QCI of bearer 
3 Bearers 5, 6, 7 

7 Bearers 1, 2, 3, 5, 6, 7, 8 

Data rate per UE (upstream) 1.5 Mbps 

Aggregate wireless 

data rate  

(“C” in Figure 30) 

Number of UEs 

per cell 
10 20 30 40 50 

Data rate (Mbps) 15 30 45 60 75 

Residential data generation at 

eNB/ONU 

(“A” in Figure 30) 

235 220 215 200 200 

Total data generation 

(“D” in Figure 30, Offered load of 0.8) 
250 250 250 250 250 

 

Finally, Table 7 represents the traffic generation statistics for each bearer. The percentages of 

traffic assigned to the high, middle and low priorities for wireless users are initially set to 

20%, 40% and 40%, in response to the residential user traffic profiles in Table 5. In 1:1 

mapping, all 3 bearers are Non-GBR carrying QCI5, 6 and 7. The seven bearers of group 

mapping though emulate both GBR and Non-GBR services. In both cases, the highest priority 

bearer is the carrier of QCI5 (Table 1, section 2.1.1). The middle priority group comprises the 

3 GBR QCIs, QCI1, 2 and 3 and the low priority group, the remaining, Non-GBR, QCIs, 

QCI6, 7 and 8. Distribution of the 1.5 Mbps data rate of each UE to individual bearers is 

performed based on the percentages used for traffic generation. 

 
Table 7: Traffic generation of each bearer 

Number of bearers Priority Type of bearer 
Data rate 

(Mbps) 

Percentage of 

traffic generation 

3 Bearers 

High Bearer 1 (QCI 5) 0.3 Mbps 20% 

Middle Bearer 2 (QCI 6) 0.6 Mbps 40% 

Low Bearer 3 (QCI 7) 0.6 Mbps 40% 

7 Bearers 

High Bearer 4 (QCI 5) 0.3 Mbps 20% 

Middle 
Bearer 1 (QCI 1) 0.2 Mbps 

40% 
Bearer 2 (QCI 2) 0.2 Mbps 
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Bearer 3 (QCI 3) 0.2 Mbps 

Low 

Bearer 5 (QCI 6) 0.2 Mbps 

40% Bearer 6 (QCI 7) 0.2 Mbps 

Bearer 7 (QCI 8) 0.2 Mbps 

 

3.4. PERFORMANCE EVALUATION 

3.4.1. Performance figures with fixed eNB/ONU load 

This section initially draws the QCI packet delay characteristics obtained for the wireless 

users only, for both the rural and urban scenarios, with respect to increasing UE numbers per 

cell. QoS mapping was evaluated by contrasting 1:1 mapping (3 bearers to 3 CoS) to group 

mapping (7 bearers to 3 CoS). Both mapping mechanisms were also assessed against non-

mapping, for the reasons described in previous sections, implemented by 3 bearers and 7 

bearers respectively forwarded to a single optical queue. Table 8 summarizes the network 

scenarios and mapping implemented in this deliverable, pointing to the figures representing 

the outcomes of each configuration. For all scenarios presented in this section a fixed 

eNB/ONU load of 0.8 was considered as will be explained later. 

 

Based on the outcomes drawn by the analysis of the performance of the wireless users, 

without (rural scenario) or with (urban scenario) the presence of residential users, the urban 

scenario implementation is subsequently examined, to define the degradation in propagation 

of the residential users when the ONU queues are utilized to simultaneously transmit wireless 

data.  

 
Table 8: Simulation scenarios versus mapping index. 

                       Mapping types 

Scenarios 
1:1 mapping Group mapping Non-mapping 

Rural 

(only wireless users) 
N/A Table 9 Table 9 

Urban 

(wireless and residential users) 
Figure 31 

Figure 32 

Figure 33 

Figure 34 

Figure 35 

Figure 31 

Figure 32 

Figure 33 

Figure 34 

Figure 35 

 

Table 9 summarizes the figures of throughput and packet delay obtained at the simulation of 

the rural scenario with group mapping and non-mapping between the eNB queues and ONU 

queues at point “C” of the network architecture. With respect to non-mapping and since the 

rural scenario assumes no residential connections are present at point “A”, only the optical 

queue utilized for the propagation of the wireless data will be operational with the residual 

two queues remaining empty. Therefore the selection of the optical queue makes no 

difference in performance. 
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Table 9: Packet delay comparison between group mapping and non-mapping for the rural scenario. 

                              Number of UEs 

Results 

10 

UEs 

20 

UEs 

30 

UEs 

40 

UEs 

50 

UEs 

Group 

Mapping 

Throughput (Mbps) per cell 14.96 29.88 42.10 48.79 49.98 

Packet 

delay 

(ms) 

Bearer 1 

(high priority) 
8.59 8.27 8.21 8.50 8.10 

Bearer 2 14.12 15.50 748.57 3268 13881 

Bearer 3 

(low priority) 
10.31 10.03 10.39 11.75 14.27 

Non-

Mapping 

Throughput (Mbps) per cell 14.96 29.88 42.10 48.79 49.98 

Packet 

delay 

(ms) 

Bearer 1 

(high priority) 
8.62 8.31 8.25 8.55 8.14 

Bearer 2 14.14 15.52 748.59 3268 13881 

Bearer 3 

(low priority) 
10.28 9.99 10.35 11.71 14.24 

 

Attempting to draw conclusions based on Table 9 and particular the recorded delay figures, it 

can be concluded that in the rural scenario, QoS mapping between the eNB and ONU might 

not be necessary. This can be directly justified by the absence of residential data, not 

imposing any buffering requirements at the eNB/ONU. Propagating through the network, 

only eNB scheduling should be sufficient for the wireless users since intra-ONU scheduling, 

based on strict priority, only changes the propagation order. 

 

Moving on to the urban scenario, Figure 31 displays the wireless packet delay, measured with 

non-mapping (three bearers forwarded to the low priority ONU queue) and in the application 

of 1:1 mapping, with residential users present at the network ONU. When the eNB/ONU 

employs 1:1 QoS mapping, the high priority bearer (carrier of QCI 5) and middle priority 

bearer (QCI 6) display notably decreased packet delay compared to non-mapping. A clear 

characteristic with almost a fourfold reduction in delay is demonstrated for the highest priority 

bearer (QCI 5) at 50 UEs per cell (from 11 to 46 ms). Correspondingly, a threefold reduction 

in delay is also presented for the middle priority bearer (QCI 6) at 30 UEs per cell (14 ms to 

46 ms). The steep delay responses generated at 30 UEs for the low priority bearer (QCI 7) is 

due to the bottleneck between UEs and the eNB at increased UE numbers in a cell, with or 

without QoS mapping. 

 

In contrast, non-mapping presents a slight, by 1.2 times, reduction in packet delay for the 

lowest bearer (QCI 7) at 30 UEs, compared to its mapping counterpart (53 to 63 ms). The 

reason for this abnormality is justifiable if the scheduling methodology between mapping and 

non-mapping is carefully considered. In mapping, upon receiving the Grant messages from 

the OLT, the eNB/ONU transmits data first from the high priority queue, then from the 

second highest priority and last from the low priority queue. Thus the lowest priority queue is 

relatively disadvantaged. Instead, in the absence of mapping, the wireless data can be 

disadvantaged with respect to the higher, residential data rates, leading to higher packet 

delays. Due to the fact in non-mapping all LTE queues are forwarded to the low priority 

optical queue, the packet delay between bearers is not much different from one another, 

ranging as being confirmed by Figure 31 from 37 ms to about 56 ms.  
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Figure 31: Packet delay for 1:1 mapping and non-mapping (forwarding of all 3 bearers to the low priority 

ONU queue) in the urban scenario. 

 

Figure 32 presents group mapping, contrasted again to non-mapping, implemented by the 

transition of the 7 wireless bearers to the low priority ONU queue. As shown in Table 7, the 

QCI5 bearer emulates high priority, while QCI1, 2 and 3 and QCI6, 7 and 8 bearer groups 

signify respectively, middle and low priorities. Unlike the results observed earlier, following 

the simulation of 3 bearers, the performance of the middle priority group (QCI1, 2 and 3) in 

Figure 32 saturates early at 30 UEs. This can be pinned down to the use of GBR services, 

comprising, in the 7 bearers mapping, the middle priority group. UEs operating GBR services 

require admission control from the eNB for their activation. If failed to be activated, GBR 

data is transmitted in the default bearer. Following the simulation specifications, the eNB 

allows only four GBRs per cell as shown in Table 10. Thus the remaining GBRs are 

communicated in the default bearer.  

 

Finally, the packet delay of the low priority group is 6 ms higher with group mapping, 

compared to non-mapping, because of the strict priority followed, as explained, with intra 

scheduling.  

 

 
Figure 32: Packet delay for group mapping versus non-mapping (7 bearers forwarded to the low priority 

ONU queue) in the urban scenario. 
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Table 10 Activated GBRs for each UE group 

Number of UEs UE ID Bearer ID 

10 UEs 

2 2, 3 

5 2 

7 3 

20 UEs 

4 1 

6 1, 3 

17 1 

30 UEs 

1 1 

16 1 

26 1, 2 

40 UEs 

16 2 

19 2 

33 1, 3 

50 UEs 

20 2 

26 1 

40 1, 2 

 

Figure 33 compares the delay incurred by the wired users, employing optical queues also 

incorporating wireless group mapping as opposed to only transmitting residential data. 

Results in previous deliverables [3, 4], related to the ACCORDANCE MAC performance 

with CoS differentiation, have shown that the worst case scenario, CoS2, enjoy low packet 

delay for up to 0.8 of the ONU offered load, corresponding to 250 Mbps (250 Mbps = 312.5 

Mbps × 0.8) at point “D” of the current simulation model. Figure 33 confirms what was 

expected. The residential users in a converged network generally maintain their low packet 

delay characteristics for high and medium service classes. That is due to the very moderate 

data rates of the wireless users considered currently. Future releases of the LTE standard, 

exhibiting higher aggregate data rates per cell are expected to drift the figures at higher values 

than the observed 1-2 ms currently. The low service class displays a much deteriorated 

performance, following the trend established also for the typical ACCORDANCE ONUs. The 

packet delay of the eNB/ONU is by an average 10 ms lower than residential ONUs. This is 

due to the fact the eNB/ONU data rate is restricted at 250 Mbps as opposed to 312.5 Mbps of 

the residential ONUs.  
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Figure 33: Residential packet delay versus converged eNB/ONU 

delay in the urban scenario with group mapping. 

 

3.4.2. Performance figures with different eNB/ONU loads 

 

This section presents a performance comparison of the urban scenario with group mapping, 

for different aggregated traffic loads at point “D” of Figure 30. The traffic loads specified to 

draw the performance figures, are 0.5, 0.8 and 1.0 corresponding to 156.25, 250 and 312.5 

Mbps respectively. Consideration of the various traffic loads provides a comprehensive record 

of eNB to ONU mapping, for varying conditions of traffic types (residential and/or wireless), 

and varying traffic volume. 

 

When the offered load in Figure 34 (a) is 0.5, the wireless packet delay is less than 20 ms, 

regardless of the bearer priority, because of the low traffic load. Figure 34 (b) also shows that 

the packet delays of the high priority group are less than 10ms even at traffic load of 1.0. The 

middle priority group is saturated at 30 UEs regardless of the traffic load. Thus we can 

confirm that the influence, in performance, of the bottleneck between the eNB and UEs is 

greater than the condition of the traffic load. Finally, Figure 34 (c) represents the result of the 

low priority group. The low priority group is mostly influenced by the traffic load, compared 

with other groups, because of the strict priority scheduling. 
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Figure 34: Wireless packet delay in the urban scenario for eNB/ONU offered loads of 0.5 (156.25 Mbps), 

0.8 (250 Mbps) and 1.0 (312.5 Mbps). 

 

Figure 35 represents the network throughput, recorded at 0.5 (156.25 Mbps) and 1.0 (312.5 

Mbps) offered loads, as a function of the number of UEs per cell. The 50 UEs point 

corresponds to a data rate of 75 Mbps at this instant. The saturated throughputs are displayed 

at 66.7 % (50 Mbps/75 Mbps) and at 53.3% (40 Gbps/75 Mbps) of the overall wireless 

throughput for offered loads of 0.5 and 1.0 respectively. The drawn result demonstrates 

directly the inferior performance of the high offered load. The saturated wireless throughput 

for the low offered load is inferior when it is compared to the throughput obtained in D4.3 [3] 

for residential users. The main reason is the bottleneck between the eNB and UEs. However 

when the eNB/ONU offered load is 1.0, the saturated wireless throughput is affected by the 

bottleneck between eNB and UEs as well as the high data rate of residential users at point “A” 

of the simulation model in Figure 30. Thus the saturated throughput at an offered load of 1.0 

is decreased by 13.4% compared with an offered load of 0.5.   

 

 
Figure 35: Wireless throughput in urban scenario for eNB/ONU offered loads of 0.5 and 1.0. 
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4. Conclusions 
 

D5.4 concentrates on the development of optical MAC designs for optical/wireless 

convergence and their corresponding performance evaluation. It was established that 

transparent wireless transmission techniques based on CPRI and analog RoF require no 

modifications to individual layer-2 protocols and therefore not further elaborated in this 

deliverable. However, IP backhauling and split-eNB variants on the other hand require certain 

MAC modifications in order to meet the required QoS performance figures for wireless users. 

 

For split-eNB the mapping mechanism of radio signals to optical resources requires efficient 

packetisation, resource allocation and signal generation as outlined in chapter 2 of this 

deliverable. This mechanism should be able to provide priorities to wireless packets in order 

to avoid additional delays. The packets to be transmitted via the PON must have several fields 

carrying the various signal components in addition to a header field for signalization. Te split-

eNB options will be explicitly investigated in the forthcoming deliverable, D5.5.    

 

With respect to IP backhauling, the QoS mapping between the eNB and ONUs is critical in 

optimising the performance of both the optical and wireless networks. The performance 

evaluation was based on LTE system-level investigations over the ACCORDANCE PON 

simulating rural and urban scenarios. The results obtained were based on QCI delay versus the 

aggregate wireless data rate upstream, following the application of the monitoring SDSCA 

MAC algorithm, developed in ACCORDANCE, for dynamic bandwidth allocation.      

 

In particular the mapping was evaluated by contrasting 1:1 mapping (3 bearers to 3 CoS) to 

group mapping (7 bearers to 3 CoS). Both mapping mechanisms were also assessed against 

non-mapping implemented by 3 bearers and 7 bearers respectively forwarded to a single 

optical queue. Based on these scenarios it can be concluded that in the rural scenario, QoS 

mapping between the eNB and ONU might not be necessary. This can be directly justified by 

the absence of residential data, not imposing any buffering requirements at the eNB/ONU. 

 

In consideration of the urban scenario, when the eNB/ONU employs 1:1 QoS mapping, the 

high priority bearer (carrier of QCI 5) and middle priority bearer (QCI 6) display notably 

decreased packet delay compared to non-mapping. If group mapping is employed instead 

(considering 7 bearers) the performance of the middle priority group (QCI1, 2 and 3) saturates 

early, at 30 UEs. This can be pinned down to the use of GBR services, comprising, in the 7 

bearers mapping, the middle priority group. 

 

Finally, with the investigations performed for different eNB/ONU loads it was concluded that 

the influence, in packet delay and throughout performance, of the bottleneck between the eNB 

and UEs dominates over the traffic load condition. 
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5. Abbreviations  
 

 

3GPP 

ACCORDANCE 

 

ACK 

AMBR 

ARP 

3
rd

 Generation Partnership Project 

A Converged Copper-Optical-Radio OFDMA-based 

Access Network with high Capacity and flexibility 

Acknowledgment  

Aggregate Maximum Bit-rate 

Allocation and Retention Priority 

AWG Array Waveguide Grating 

CO Central Office 

CPRI 

DL 

DBA 

Common Public Radio Interface 

Downlink 

Dynamic Bandwidth Allocation 

DM 

DSCP 

DwPTS 

Demodulation  

Diffserv Code Point 

Downlink Pilot Time Slot 

eNB 

EPC 

E-UTRAN 

E-UTRAN NodeB 

Evolved Packed Cores 

Evolved Universal Terrestrial Radio Access Network 

FDD Frequency Division Duplex  

GBR 

GT 

Guaranteed Bit-rate 

Guard Time 

HARQ Hybrid Automatic Repeat Request  

IP Internet Protocol 

LTE Long Term Evolution 

MAC 

MBR 

MCS 

MCP 

MME 

Medium Access Control 

Maximum Bit-rate 

Modulation and Coding Scheme 

Multi-Carrier symbol Periodicity 

Mobility Management Entity 

NACK 

Non-GBR 

Negative Acknowledgment  

Nonguaranteed Bit-rate 

OFDM Orthogonal Frequency Division Multiplexing 

OFDMA Orthogonal Frequency Division Multiple Access 

OLT Optical Line Termination 

ONU 

P-GW 

PBCH 

PCFICH 

PDCCH 

PDU 

Optical Network Unit 

PDN Gateway 

Physical Broadcast Channel 

Physical Control Format Indicator Channel 

Physical Downlink Control Channel 

Protocol Data Unit 

PHICH Physical Hybrid ARQ Indicator Channel 

PHY Physical layer 

PON 

PRACH 

Passive Optical Network 

Physical Random Access Channel 

PUCCH 

PUSCH 

Physical Uplink Control Channel 

Physical Uplink Shared Channel 

QAM 

QCI 

Quadrature Amplitude Modulation 

QoS Class Identifier 
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QoS 

QPSK 

RB 

Quality of Service 

Quadrature Phase Shift Keying 

Resource Block 

RLC Radio Link Control 

RoF 

RRM 

RS 

SC-FDMA 

SDF 

SDSCA 

SFP 

S-GW 

SLA 

SLP 

Radio-over-Fibre 

Radio Resource Management 

Reference Signal 

Single Carrier Frequency Division Multiple Access 

Service Data Flow 

Sequential Dynamic Subcarrier Assignment 

Sub-Frame Periodicity 

Serving Gateway  

Service Level Agreement 

Slot Periodicity 

SRS 

TCP 

TDD 

TTI 

Sounding Reference Signal 

Transmission Control Protocol  

Time Division Duplex 

Transmission Time Interval 

UE 

UL 

UpPTS 

 

 

User equipment 

Uplink 

Uplink Pilot Time Slot 
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